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This collection of papers sets out the results of the evaluation of

muclear constants for 242Pu in the 10-5 eV-15 MeV energy region,

The evaluation is based on all the experimental data available as of
September 1979, Extensive use is made of the results of nmuclear modelling
calculations which are further developed in this collection of papers. The
evaluated data are written in the ENDF/B format and are presented as a

print—out.

Heat~ and Mass-Exchange Institute, Byelorussian Academy of Sciences,



EVALUATION OF NUCLEAR DATA FOR 24%Pu IN THE REGION OF RESOLVED
AND UNRESOLVED RESONANCES (10'5 eV-200 keV)

G.V, Antsipov, L.A, Bakhanovich, V,A, Kon'shin, V.M. Maslov,
G.B. Morogovskij, E.Sh, Sukhovitskij, Yu.V, Porodzinskij

1, INTRODUCTION

The extensive development of nuclear power calls for a highly accurate
knowledge of the nuclear constants of fissile and construction materials.
In order to design and develop fast reactors, a sufficiently firm knowledge
of the neutron cross-sections of the plutonium isotopes is required since
the core of a fast or thermal reactor may contain 55-60% 239Pu, 20-25% 240Pu,
10-15% 241Pu and 5-10% 242Pu. Furthermore,2242Pu is a source isotope for the
2

accumulation of 244Cm which, together with Cm, is a source of neutron

activity in the nuclear fuel,

This and the next two papersz/ give an evaluation of the nuclear constants
for 242Pu in the 10_5 eV-15 MeV region, together with the results of work done
in the Institute on the formulation of methods for evaluating and setting up
complete files (self-consistent sets) of evaluated nuclear constants, as are
required for reactor calculations and other applications, The evaluation made
uge of all the experimental data available as of September 1979. These data
are quite scarce and essentially refer only to the resonance parameters and
fission cross—sections. In deriving evaluated data we therefore drew

extensively on miclear modelling calculations,

The. evaluated data were recorded on ES computer magnetic tape and sent to
the Nuclear Data Centre in Obninsk, The group constants divided into the
gtandard 26 groups, as derived from this evaluation, are given in the third

article (see this collection, p. 92 ).

Table 1,1 gives the Q values and thresholds of various neutron reactions
with the 242Pu micleus. The threshold value (for negative Q) is given by

the expression:

T= Mart22 oy = 1.00647-(-Q),

Maa

:/ See present collertion, p.p. 42 and 92,



where X is the neutron mass (1.00866522) and

M is the mass of the 23%Pu mucleus (242,058768).

242
Table 1,1

Q values and thresholds for neutron reactions with the 242Pu nucleus

Reaction Q value, MeV Tnreshold, MeV
242py (n,2n) 24Dy -6,30I 6,327
242py (n,3n) 2Py 11,52 IT,550
22Dy (n un) 23Py -18,075 18,150
220 (n,p ) 2P 5,037
24Py (n,d ) 24N - 4,658 4,67
2020y (., % ) 2"ONp - 4,371 4,389
242Dy (n Me) 2*0U - ,260 4,670
2Py (n e 239U 9,766
292Dy, (n,np) 2 INp - 6.6Mm 6,912
2420y (n.nd) ““ONp -10,629 10,673
2Py (n,nt) 239Np - 9,535 9,575
2420y (A 239y -10,793 10,038
242Dy (00 230U 4,962

The ground state of the 242Pu nucleus hés spin O+.

In reactors 242Pu is produced by sequential neutron capture in the
nuclei of 239Pu, 240Pu and 241Pu. 242Pu is converted via a decay into
238y with a half-life of (3.702 + 0,014) x 10° years [1]. The spontaneous
fission lifetime for 242Pu is 7 x 1010 Yyears,

2. WUCLEAR DATA FOR 24%Py IN THE THERMAL AND EPITHERMAL REGIONS (10'5-10 eV)

The 242Pu nucleus undergoes virtually no fissions up to ~ 0,5 MeV and
so the most important processes in this energy region are (n,Y) and (n,n)

reactions,

Measurements in this energy region may be broken down into two categories:
measurements at the thermal value and measurements of the energy dependence

which may be used to determine the parameters of the first resonance,



Measurements at the thermal wvalue can be further broken down into two types:

direct measurements at 0.0253 eV and measurements in the Maxwellian spectrum.

Several authors [2-6] have carried out integral measurements of o, at
the thermal value (at 0.0253 eV) by the activation method and obtained cross-
section values which were not in satisfactory agreement, Moreover,
differential o, measurements have been made [7-11] and in Refs [8, 9] o, was
calculated from o, on the basis of specific assumptions concerning the op
value., All these data are shown in Table 2,1, There are no measurements
of the o elastic scattering cross-section for 242Pu. However, the coherent
scattering length a was measured in Ref, [12] and was found to be
(0.81 + 0,01) x 10712 on, The scattering cross-section, which may be defined
as 4na?, is 8,24 + 0.21 b, This measurement is very important for the
determination of the potential scattering cross-section Op' Apart from these

data, let us mention two more values of 0Y2200= 13 and 23 b [13].

Table 2,1

Experimental data on ot2200 and 0_2200 for 242Pu
Y

Paper OY' b gp, b °n’b L b Target Remarks
Studier [2] 30 + 10 " Activation method,
. reactor spectrum
Butler [3] 19,8 + 1,0 Activation method,
result corrected
_ Durham and Molson [ 4]
Halperin [5] 24,4 + 1,0 Activation method
Folger [6] 20 " "
Durham [4] 18,7 £ 0,7 " "
Auchampaugh [7] ' 35,8+1,6  Pul, Differential trans-
mission measurements
Young [8] 22 ¢ 2 4 3641 Puo, " "
Young [9] 18,5 £2,0 10,7 .84 26,9 12,0 MO, " "
Young [11] Ie>+1,0 10,7 8,4 26,9 +I,0 Pu metal " "
' and PuO2
Lander [12] 8,2440,21 Diffraction
Calculation in - 18,35 10,7 8,45 26,80

terms of weighted
average parameiers
of the first
resonance




A fact which stands out in Table 2,1 is that the OY values, which may be

derived from the 9, measurements [7, 8] at reasonable Op values, are

anomalously high, This is due [11] to the use of a PuO2 powder target and to

the presence of water in the sample, If due allowance is made for the scatter-

ing effects by small particles and for the water, the ot2200 value is reduced

by 12,2 b (6.3 b + 5.9 b) so that the tranemission data correspond with the
activation analysis data on © 2200. In fact the results from special o4
measurements using a metal target [ll] were in excellent agreement with the

ot measurements on a powder oxide target [9] when allowance was made for the

above-mentioned corrections.

The most reliable data on Ot2200
Refs [9, 11], and they will be used from now on in this paper, It is also
interesting to ncte that the latest o {9, 11] and 9 [12] data are in

excellent agreement with the OY value measured by Durham and Molsonts

for 242Pu are thus those given in

activation method [4].

Table 2,2 gives the existing estimates of the themrmal cross-sections for
242Pu [11, 14-16 ] together with the results of the present evaluation as
described below,

Table 2,2

Various evaluations of the 242Pu thermal cross—sections

T T T T
Paper St, b | Ga. b | 6p,b | Gr, d | G4, b
Young, Simpson 26,5 + 1,0 19,0 « 0.6
11]
Caner, Yiftah 26,8 « 1,0 8,3 + 1.4 18,5 + 1,0
f14]
Mughabghab, Garber 2£,5> £ 0,5  £,0 $0,2 18,5 + 0,4 0.2
(15]
Benjamin et al, 18,7 0
[16]
ENDF/B-I11 26,9 8,4 18,5 0
This paper 25,5+ 1,0 8,25 +0,2I 10,5+ 0,29 I€,6 + 1,0 0,0007




Resonance parameters of the first 242Pu resonance

Table

23

Paper Er' eV Pn, MeV PAQ MeV PY, MeV I'y MeV
Egelstaff et al. 2,67 + 0,02 I,7+0,8 I,0 40,5
[17] T
Cote et al., [18] 2,65+00 I1,9+0,2 1,2 +0,I 25, +2,6 27,0 + 2,7
Leonard et al, 2,65 i
[19]
AuchEm%augh et ale 2,64 + 0,01 1,92+ 0,10 1,18 4 0,06 25,5 + I,0 27,4 +.7,0
7 - - -— L4 - [
Younﬁ, Reader 2,62 + 0,00 I,22 + 0,0525,0 + 1,5
9] 2,68 + C,04 I,I2 + 0,09 31 + 5
Caner, Yiftah [14] 2,65 + 0,01 1,19+ 0,3 26,0 + 1,0
MughE?g%ab, Garber 2,67 + 0,01 2,00+ 0,06 I,22 + 0,05 2542 27 s+ 2
: t t b2
Weighted average 2,66 I,19 ¢+ 0,03 22,5 4+ 0,8
from papers
[7y 9y 17, 18]
2,66 I,2T + 0,08 25,5 4+ 0,8

Estimate in this
paper

The 242Pu cross—sections in the thermal and epithermal regions are maimly

determined by the parameters of the first resonance, since the next two

resonances have narrow neutron widths and the third is rather far away, so

that its contribution to the cross-sections in the given energy region is

small,

Table 2.3 shows the resonance parameters based on the data taken

from various papers, their weighted average values allowing for the errors

quoted by the authors (we used values as a preliminary estimate) and the
All the parameters are in agreement to

parameter estimates obtained by us.
within the error limits quoted by the authors, and there was no need for Pnr

renormal ization because of differences in Er'

To obtain evaluated cross—sections in the thermal and epithermal regions,

we used provisional estimates of the parameters of the first resonance, the

o, data at the thermal value, the °t2200 value from Ref, [11], the coherent

scattering length from Ref. [12] and the experimental 0  data [9, 11] in the

region up to 2 eV which were available to use The first resonance
parameters were selected in such a way as to provide the best description of
the experimental data on the condition that the adjusted values of the

parameters matched the weighted averages from Table 2.3 to within the error

limits.



The cross-section calculation made allowance for all resonance

contributions by means of the formulae:

i\2 - Al 4/2
Bu()» 45R? + 4xk* £(E) (&)Y + (axFVare?Z B (E) X (2.1)
2 Tai Tpei v2 |
Cpy(® » 45l . I (BN Ty (2.2)

2 A+1 2 K 6
where 4a%° = (-ir—) x5 A is the atomic rmumber; K = 2,60382 x 10 beeV;

4nR2 is the potential scattering cross—section; and v and X are functions
which allow for the resonance broadening due to thermal motion of the nuclei
and the experimental resolution. In the region below the energy of the
first resonance, no allowance was made in the cross-section calculations for
interference between potential and resonance scattering originating from all
regonances except the first, i.e. it was assumed that this contribution is

compensated by resonances on the energy axis symmetrical to O,

The adjusted parameters are shown in Table 2,3, The calculation using
the weighted average parameters of the first resonance is generally in
agreement with the experimental data to within the error limits. However,
in order to improve the calculation, the reduced neutron width was taken to
be somewhat larger, A comparison between the calculation and the o4
experimental results from Refs [9, 11] shows that the energy dependence is
in good agreement throughout the region, except below 0.005 eV where the
discrepancy reaches ~ 7% (see Fig, 2,1). In order to compensate for this
discrepancy, it was necessary to introduce a resonance on the negative energy
axise As a result of a self-consistent fit, we recommend the following

parameters for the negative and first resonances:

E, = - 0,001 eV E_ = 2,66 + 0,02 eV
r° = - 0,002688 eV 2 = 1,21 + 0,04 MeV
To= =

e = 0.0 I, = 0.0

T, = 0,001085 MeV T, = 25.5 & 0.8 NeV

The following cross—-sections were calculated at the thermal point from

these parameters and taken as evaluated data:



y = 18,636 b
0= 8.247 b
C% = 10,50 b
p = ‘0,0007 b
o, = 26,884 b

R was found to equal 0.91409 x 10~ 2 cm.

3. NEUTRON CROSS-SECTIONS FOR 242Pu IN THE RESOLVED RESONANCE REGION

We assumed that the resolved resonance region for 242Pu extends up to
1 keV, since measurements in the higher energy region [21, 22] cannot be

used for resonance analysis,

The rather large average spacing between resonances facilitates
parameterization and the analysis of the results. However, we had access to
very few numerical data from experiments on cross-sections, and the analysis
had to be based on parameters, thus inevitably affecting the accuracy of the
resulting evaluated data. A mumber of 9% and Op measurements were available
in the given energy region [7, 9, 11, 21, 23], However, either there is no
detailed information on the experimental conditions [7, 11, 23] or there are
no numerical data from the experiments [9] or allowance for 239y ana Py
impurities in the sample was not entirely correct, thus giving rise both to
negative cross-sections and to an anomalously high background at energies

corresponding to the positions of the resonances for these impurities [21, 23].

There were obviously not enough experimental data available to provide
a self-congistent set of resonance parameters directly (in particular, there
were no data on cY and % whatsoever). The evaluation in the resolved
resonance region was therefore based on parameters introduced by the authors

of the experimental papers,

242Pu resonance parameters are given in Refs [4, 9, 10, 14, 17, 18,
20-28], However, Refs [10, 14, 20] contain evaluations and were accordingly
not used in our analysis, Let us give a brief review of the papers used in

the analysis,

1, Cote et al. [18] measured transmission and obtained values for

the parameters of two resonances at 2,65 eV and 53,6 eV, For the
2,65 eV resonance, two samples of differing thickness were used so

that PY could be determined., The F& value was taken to be the

same for the 53,6 eV resonance as for the first resonance,



2.

3.

4e

Te

9.

Pattenden [ 24 ] measured transmission by the time-—-of-flight method
below 850 eV (the area method was used up to 320 eV). The best

resolution was 15 ns/m. A PuO2 sample containing 91% 242Pu was

used in the experiment.

Auchampaugh et al, [7] measured the 242Pu total cross-section o

in the 0,75-389 eV region by the time-of-flight method using PuO2
samples containing 99.41 and 97.080% 242Pu. P; values were
derived by analysing the area and shape of the peaks, The authors
also quoted the value S_ = (0,95 + 0.40) x 1074,

Young et al, [9] analysed o, measurements on a PuO2 sample

t
242Pu and quote P; and T; values up to 150 eV,

containing 99.88%
They also quote S = (099 + 0.44) x 1074 and <D> - 16,5 eV,
The resonance absorption integral proved to be 1110 + 60 Y.

Bergen et al, [2}] measured of by the explosion technique in the

51-5000 eV region using the time—-of-flight method and a sample
containing 99.8% 242Pu placed 214.6 m from the source. The authors
quote OOFf values over the range 53-790 eV,

Auchampaugh et al. [21] also measured e by the explosion technique,

investigating the 20 eV-10 MeV range with a sample containing
99.91% 242Pu. The authors quote Af = 20 ' values over the range

20 f
370 eV-—4 keV.

James [ 25 | measured % in the 16 eV-35 keV region using the time-
of -flight method, The cross—sections were measured in relation to
235U on a PuO2

OOT% parameters and values for resonances at 767 and 799 eV,

sample containing 99,89% 242Pu. The author gives

Auchampaugh and Bowman [ZQJ measured Jt by the time-of-flight

method in the 600 eV-81 keV region, Parameters in the region up
t0 4 keV were obtained for resonances with a significant Vf value.
The authors combined the fission data from Ref. [21] with the

transmission data to obtain Fn and Pf values,

Simpson et al, [27] measured transmission over the 15 eV-30 keV

range. The measurements were performed on thr<e metal samples of
differing thickness at 77 K. The authors quote parameter values

in the 20-500 eV region.



10, Poortmans et al, ‘£22] measured the ot' OY and On crosg-sections in

the region up to 1.3 keV. The area technique was used to obtain

T; values for 71 resonances and PY values for 25 resonances. The
experimental resolution varied from 5 to 1,5 nsﬁm and the base-
line from 60 m in the oY measurements to 0 m ig the 0t and ©
measurements., The F‘uO2 sample contained 99.8% “42Pu. The authors

quote the following average resonance parameters:

<P, >=2..940.4 (stats) + 1.0 (syst.) MeV;
< P; >= 1,52 MeV;
<D >= 17,02 eV;
_ + 0,10 -4
5, = (0.89 _ o.09) x 1077,

11, Hockenbury et al, £28] measured transmission in the resonance

region on a metallic sample containing 92.55% 242Pu and quote tn

values for five resonances over the 205-383 eV range,

None of the authors made a simultaneous determination of ) PY and T,
and only in Refs [22, 27] were both P; and PY values derived together. The
F; or Pn values are the most reliable, although for a number of resonances

the differences between them exceed the error limits,

Pf values were obtained by the authors of Refs [23, 26] on the basis of
the oon and looFf values and of the Pn and PY values used by them., It should
also be pointed out that the energy resolution in Ref., [23] was considerably
worse than in Ref, [21] which is the source of the 10 I'. values used in

Ref. [26] to obtain the Pf values, Where there Herg two Ff values, we

therefore gave preference to the measurements from Ref, [21].

Only the parameters from Poortmans et al, [22] cover almost the entire
resonance region in which we are interested, Furthermore, as stated above,
these parameters were obtained by a simultaneous analysis of the A oY and
oy crogg-gections, which makes them particularly reliable. We therefore used
these parameters as the basis for our evaluation,

The evaluated resonance energies were taken from Ref, [22]. For those
resonances which had been omitted from that paper, we used the energies in
Ref, [27] (where they were available) and, failing these, the resonance

energies quoted by other authors, ;
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The reduced neutron widths P; and their errors were taken from Ref, [22]
and where these values were not available, we used the weighted averages and
corresponding errors from other papers, The average value < P; > was
1.30 + 0,20 MeV, This value is in good agreement with the value
<;P; > = 1,362 MeV which is obtained by averaging the weighted values for each
resonance, Figure 3,1 compares the Porter-Thomas distribution with the
re /< Fe > distribution histogram for < T2 > = 1,3 MeV,

We had available PY values from Refs [9, 22, 27], These values were
obtained by various methods (both by the area method [9, 27] and by shape
analysis [22]), so that the calculation of the weighted averages for each
resonance may yield incorrect PY values, For the same reasons, it was not

possible to normalize the PY values to the selected P; values for each

resonance,

Bearing in mind that the most accurate PY values came, in our opinion,
from Ref. [22] we treat the PY values from that paper as recommended values
and, for resonances for which these values were missing, we took the average
value < PY > = 22,609 MeV, The resonance capture integral IY in the region
0.5-500 eV proved to be 1115.,67 b which is in good agreement with the IY
values obtained in Refs [8, 15], i.e. 1090 + 60 b and 1130 + 60 b,

respectively.

It is very difficult to determine the fission widths r} in the resolved
resonance region because fission in this region is of the sub-barrier type,
i.es the Pf values are very small and therefore depend very much on the P;
and PY values agsumed for each resonance since the Pf values are obtained by
measuring the areas beneath the fission curve, Moreover, there is a strong
dependence on the experiment®s energy resolution since poor resolution makes
it difficult to select the limits for numerical integration. The PP values
were derived from the values AB = Oor% a?FPAA 20 r [21, 23] by means of
the formula A_ = 40n?5-E nr,f and A, = 28%°%L in Refs [23, 261, In Ref. [23]
the Th and PY values were taken from Ref, [10] and in Ref. [26] intrinsic
and PY values were used, The calculations of Ff using the F; and PY values
assumed by us showed that, for resonances where AB and AA are measured, the
Pf values derived from AA [21] are considerably smaller than the Pf values
derived from AB [23]. This is because the experimental resolution is better

in Ref, [21] than in Ref, [23]- Thus, where there were two Ff values
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obtained on the basis of Refs [21, 23] using our recommended P; and FY values,
preference was given to the I values obtained frem Ref, [21]. 1If the e ()
dependence is plotted, the T} values clearly form two groups of levels which
correspond to the two levels in the second dip of the double~humped fission

barrier at 474.6 and 761.7 eV.

If <D > is determined by simple averaging, allowing for all resonances,
the result is <D > = 14,725 eV, On the other hand, if no levels are omitted
due to the resolution, the energy dependence of the increasing number of
levels may be expressed as ?Ni = AEi + B, In our case, we then obtain
<D>=14.233 + 0.536 eV, which is in good agreement with the above <D >
value (Fig. 3.2).

Figure 3,3 compares the Wigner distribution with the D/< D > histogram,
An estimate of the energy dependence of the increasing number of levels in
the range up to 1 keV shows that no S levels are omitted due to the energy
resolution, although levels might be uniformly omitted over the entire energy
scale oWwing to incorrect allowance for background, All the recommended

values are shown in Table 3,1,

Figure 3,1 shows that there is a certain excess of resonances with low
T;. Moreover, the histogram depicting the distribution of level spacings
is biased towards the low D region compared with the Wigner distribution
(see Fig, 3.3)s If it is assumed that some narrow S resonances in Table 3.1
are in fact broad p resonances, the histograms agree much better with the
theoretical distributions, We are referring to the resonances at 14.6,
106,0, 141,43, 219.0, 271.95, 274.95, 281.0, 327.6, 379463, 425.15 and
494,75 eV which have anomalously low P; values. However, this visual

criterion is obviously inadequate and a much stricter check is required, A
check of both hypotheses, viz. (1) "levels are S levels" or (2) "possible
p levels are considered”™ using Kolmogorov's criterion [29] and the x2
distribution showed that there are at least no statistical grounds for
assuming that p levels are present rather than absent., Both assumptions
fall within the 95% confidence range, although hypothesis (2) above gives
test values which are closer to the centre than hypothesis (1), Both
hypotheses are equally valid, One more test for p resonances was carried
out using the method proposed in Ref, [30]. The test is the size of the
gIh (E) value: )
<yMHCYM’y (2,197222 - € %r—-r':‘.i)-(xR)‘fE'
<gfn*> - E - (kRIZ ¢ 9>

%rr\(E)z
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Table 3.1
Evaluated 242Pu resonance parameters
Parameter| E , eV P;’ MeV T‘n, MeV T‘Y, MeV T‘f, MeV

T 2 q T 5 5

I 2,66 1,21 40,060 1,97 40,07 25540,8

2 14,60 0,0164 0,003 0,067+ 0,013 22,609

3 22,56 0,065¢ 0,006 0,31 0,03 22,609

4 40,93 0,0733 0,007 047 + 0,04 22,509

'5 53,46 7,1 $ 040 52 42 21,2 ¢ 1,7 C,03
6 67,57 0,% 40,02 44 40,2 23 3 0,017
7 88,44 1 0,0%4 0,01 0,53 + 0,1 22,609 0,3
8 106,00 0,06 4 0,03 0,06 ¢ 0,4 . 22,609

9 107,27 I,64 0,1 17,00 41,0 2I 4?2 0,049
10 131,30 0,51 40,02 6,1 302 24,547,0 0,053
11 4L 43 0,010y 0,002 0,12 ¢ 0,02 22,609

12 149,6 I,78 + 0,04 T4,50 + 0,5 el 42 0,9
13 163,3 0,0574 0,005 0,47 4 0,06 22,609

T4 204 ,7 3,30 £ 0,000 52 3 3 20 + 2 0,055
15 - 209,7 0,031; 0,007 0,45 + 0,10 22,609 -
15 215,2 0,353 0,02 5,2 ¢0,3 22,609 0,125
17 219,0 0.0T4y4 0,007 0,2 ¢ 0,1 22,609

18 232,6 0,33+ 0,02 5,0 0,3 22,609 0,108
19 264,3 0,018+ 0,006 0,3 3 0,1 22,609

20 271,95 0,0104 0,002 0,76 + 0,03 22,609

2f 273,5 1,00 + 0,03 16,60 4 0,5 22y 2 0,093
22 2,95 0,0104 0,002 9,17 ¢ 0,03 22,609

23 201,05 0,0084 0,003 0,13 + 0,05 22,609

24 294,60 0,50 ¢ 0,02 2,7 +0,3 26 + 17
25 303,50 1,02 40,05 17,8 $+0,8 22,54+ 2,0 0,066 ~
26 315,490 TT,2 42,2 200 44 22 +3 0,079
27 527,60 0,028; 0,017 0,5 + 0,3

28 332,40 3,8 ¢ 0, 70,04 150 25 +3 0,109
29 374,20 0,31 $ 0,02 6,0 0,3 €,031
10 570,63 0,0i44 0,002 0,27 + 0,04

31 362,20 2,76 + 0,26 54 &+ 5 22,54 2 0,021
52 396,10 0,13 40,05 2,5 ¢« 1,0 22,609

33 370,7 0,10 4 0,05 2 1 22,609

U 410,5 0,39 +0,00 80 10,5 22,609 0,019
35 h24 ,0 0,20 ¢ 0,02 5,0 ¢ 0,4 22,609 0,0%
36 425,15 0,01344 0,002 0,28 + 0,04 22,609

37 47,6 0,018 ¢+ 0,009 04 +0,2 22,609 0,953
38 482,3 1,07 +0,27 23,6 +0,6 23,5:2,0 0,304
39 4%, 75 0,012 + 0,003 0,267+ 0,067 22,609

no  503,9 6,68 ¢2,23 150 ¢ 50 22,609 0,01
1 36,2 4,32 4+ 0,22 100 +5 21 ¢ 2 2,073
42 48,3 3,16 +0,I13 T4 &3 25+ 2 0,095
43 376,1 I25 3§01 30 +5 0,042
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Table 3,1 (continued)

Parameter | E , eV [y MeV Fy NeV PYi MeV Pf' MeV
1 2 3 4 5 6
4y 59,7 1,5 +0,06 38,0+4,0 2T +2 0,0%
45  599,5 0,45 + 0,04 II +1 22,609 0,090
46 610,7 0,57 + 1,08 Td 42 22,609 0,070
47  638,2 0,20 ¢ 0,04 5 +1 22,609
48  66%,0 0,10 0,02 2,7 + 0,5 22,609
49 669,2 0,5 + 0,08 o4 2 22,607 0,099
50  692,0 1,71 ¢+ 0,11 45 + 3 22 42 0,227
51 71,3 4,87 0,37 130 +I0 19,542,0 0,060
52 7274 0,II 40,07 3 +2 22,609
53 36,6 3,68 +0,18 100 +5 22,609 * 0,59
S 75,8 4,99 40,18 I37, 45 22,609 I49%
55 . 61,7 0,12 40,05 3.3+ 1,5 22,500 33,52
56 788,5 1,85 40,5 53 + Iu 22,609 1,259
5T 793,5 3,02 ¢ 1,62 85 +40 22,609 0,074
58  &3,8 0,07 + 0,03 2 +1 22,602 0,444
59 87,5 I,31 + 0,07 38 42 20 ¢ 3 0,059
60 85,1 1,26 ¢ 0,07 37 42 2243 0,150
61  885,1 0,34 ¢ 0,03 10 +1 0,062
62 8176 2,09 + 0,10 62 +3 26 ¢ 3 0,049
63  886,2 0,7 40,0 20 +1,% 29470 - 0,040
& 2,5 2,11 0,10 B+ 3 18 + 3 0,046
65 9354 0,36 0,07 11 42 22,609
66 939,6 - 0,33 40,0 10 33 22,609
67 x9,I 0,45 4+ 0,05 I 31,5 2616
€8 977,9 0,46 ¢ 0,05 15,5¢ 1,5 22,609
€9 I004,0 1,36 ¢ 0,09 43 + 3 22,600

The < gPi > value was based on the assumption that S1 a 2,5 x 10—4. It

was found that all the resonances in Table 3,1 are 3 resonances.
Thus, there are at least no statistical grounds at present to associate

any of the known 242p,, resonances with P resonances, ;

The following average values were obtained from the evaluation of the

resonance parameters and these will henceforth be used for the calculations
in the unresolved resonance region:

<P >m= 1,30 + 0.20 MeV;
<P, >= 22,61 + 0,65 MeV
< D>= 14,233 + 0.536 eV

5, = (0.91 # 0.15) x 1074
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4, AVERAGE RESONANCE PARAMETERS AND NEUTRON CROSS~SECTIONS IN THE UNRESOLVED
RESONANCE REGION
In this section we shall consider the 1-200 keV region in which we may confine
our attention to the contribution from S, p and d waves, The average cross—-gectiors
were evaluated on the basis of average parameters which were determined both from
the data in the resolved resonance region and from the condition describing the
experimental data in terms of average cross-sections, The maximum p method is
used to estimate the average 242Pu resonance parameters; this method is based on

the minimization of the square-law functional [31].

Ep)« [3,-G, )] V' [Gr-Gr( 0] + (Pe- O Wit (0s-P), (4.1)
where oy is the vector of experimemtal cross—sections with a covariance matrix V,
%(p) ig the theoretical cross—-section vector and Po is the vector of the initial
average parameters which are derived from data in the resolwved resonance region
with a covariance matrix Ho. This method is, however, restricted by the lack of

experimental information on all types of cross-sections,

In the given energy region, several measurements of the total cross—section o
have been made [19, 26, 27], However, the graphical data which we obtained from
Young and Reeder's paper [? 9] covering the region up to 8 keV are not sufficient
to allow an evaluation to be made and can be used only to check for comtradictions.
The experimental data from Refs [26, 27] covering the region 0,6-81 keV and up
to 30 keV respectively would have been very useful in determining the average

resonance parameters for the p wave, but these data were not available,

Anong the experimental 9 data available in the given energy region [21, 23,
25, 32], the results of Auchampaugh et al, [21] are the most interesting as far as
the evaluation of the average resonance parameters is concerned, Bergen and
Fullwood's measurements [23] are much less accurate (~ 60%) and their data are
considerably higher than the data from Ref, [21] which agree with other Op measure-—
ments at higher energies (see Fig, 4.1). Moreover, the data from Refs [23, 25, 32]
only partially cover the energy region of interest,
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The o cross-section was measured by Hockenbury et al, [28] in the 6-70 keV
region with 6% accuracy and by Wisshak and K¥ppeler [33] in the 10-90 keV region,
The data agree (see Fig. 4.2) but the quality of the measurements is much lower
in Ref; [33] than in Ref, [28] since the authors obtained the ratios
o (242‘Pu)/° (2380) and o (242‘Pu)/3 (197Au) Owing tc the actual indeterminacy

of the o( 380) data, the accuracy of the o (242Pu) values derived from themdoes
not exceed 20% The latest o (197An) estimates [34, 35] virtually coincide but
it is difficult to use the OYX]B?

below 100 keV in order to achieve accurate cross—section measurements [36]. The

m.l) cross-section ag a standard in the region

difficulties are caused by the resonance structure, and special attention must

be paid to the energy spectrum of the neutron beam when comparing the o data,

The real accuracy of the o ( 4'zPu) data derived from the ratios O© (242Pu)/0 (197Au)
also amounts to ~20%,

4,1, Average level spacing<D >

In order to determine the average spacing <D == r between levels with given
spin J and parity fl, we used the relation between the Fermi-gas model, which
agsumes that there are no separate collective-type motions, and the parity

dependence:

S/4
(DU, * “r‘zhgu B E" exp [-2]aTu-&} + G_PJ_."O
&= %’ <m?> [A0-37 ,

WeSnvE, (4.2)

The b parameter is the correction for even-odd differences in the density of the
levels, which is 0,61 MeV for 243Pu [37]. The mean square of the magnetic quantum
numbers <m2> ig selected either in accordance with a quasi~classical evaluation
2
(<nm

averaging over the filled shell model states lying below the Fermi bound

> = 0.24 A% 3’), which we in fact used, or in a form resulting from 2

(< m% > = 0.146 A2/3) [38, 39]. The basic level density parameter o is determined

from the data on neutron resonance demsity: <D, > = <D(Sn - b) > The
energy of neutron separation from the 243py mcleus is Sn = 5,037 + 0 025 MeV [40];
< D >obs was obta.1ned in Section 3 and is 14,23 + 0,54 eV, Parameter & proved
to be 31,81 + 0,17 MoV l. The error quoted is governed only by the uncertainties

in <D >obsv and Sn,
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Since the energy region is close to the normalization point (Sn - 6),
< D > does not change noticeably when allowance is made for the contribution
from rotational and vibrational modes to the level density [41, 42], For this
reason, and since the shell correction for 243Pu is slight, there is no need to

make allowance for the decrease in shell effects as the excitation energy

increases [43].

4.2, Average neutron <Ih > and inelastic <Ih'> widths

L

The average neutron widths were determined via the strength functions, as

follows:

L4 rf\)w’ SQ <D>PE‘mD( QP ’
(4.3)

where Va is the number of neutron exit channels for the r state of the compound
nucleus, which is 1 for an even—even target nucleus, The penetration factors P&

are determined by the expressions:

po'1"

p1‘(“u)5/t1~(KdY];

Py = (kY /£ Q43 CRa)® + (mAI4], (4.4)

where the neutron wave mumber is K = 2,196771 x 107> AW VE/(1 + AW), the 242p,
isotopic mass is AW = 239,9793, and the radius of the scattering channel, taken
as the sum of the radii of the mucleus and the neutron is

1/3 -12 -12
o = [0.123(aW x 1,008665) > + 0,08] x 107~ cm = 0,84656 x 107 cm,

The average inelastic widths <:Pn'>}‘ were determined by a formula

analogous to that in expression (4.3):

T Dt DY T S CE-Eg ) 2D (E-E ) Vg,
DR E SeEE) TR CE R Nsd, (4.5)

where £' is the orbital moment of the scattered neutron,
Eq is the energy of the excited lewvel and

VJe'q is the mumber of inelastic neutron exit channels,

Two levels are excited in the region up to 200 keV: E1 = 44 keV with spin ot

and E, = 146 keV with spin 4%,

2
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The basic set of strength functions comprised the following values:

0,91 x 107% s, = 2.5 x 1074 and s, = 0,91 x 1074, The value
s_ = (0.91 £ 0.10) x 1074 vas obtained in Section 3, The value S, = 2,5 x 1074
was obtained by Hockenbury et al, [ 28] from the description of the < o >

= 2,57 x 10‘4, was obtained in

S
0

cross-section, A similar value, i,e, S1
Ref, [44] using a generalized optical model, Since the main contribution to the
cross—sections in the energy region under consideration comes from S and p waves,
the assumption that 32 = SO made by Dresner [45] has only a slight effect on the

accuracy of the theoretical cross-—-sections,

4,3, Average radiation widths << Iy >

T
The average radiation widths < Ty >i were calculated in the dipole electric

transition approximation:

' I
CTdp = 4D (W)L PLWE,3)dE,
ror © % S' _>J‘-\1-1| ‘ (40 6)

The spectral factor f(u,e), including the energy and multipolarity dependence
of the matrix components of the radiative transitions, was derived from the
photo-absorption cross~section for a deformed mucleus as described by the

superposition of two Lorentz curves:

2 . e €"
(UE) s T 5y o
: xr: 3 ER - e (R ®)? (4.7)

Values averaged over heavy muclei [39] were used as the giant dipole resonance
parameters, Eio and Pio’ since there are no measurements for 243Pu:

E ,=11MeV, I, =29 MeV, E, = 14MeV and I'y_ = 4.5 MeV,

Expression (4,7) was used in preference to the familiar Weisskopf
3

expression f(u,i) ~ &

i T
widths YE

The theoretical < [y >-r widths were normalized to the value obtained in

because it provides a better description of the fission

after preliminary y-emission in the case of heavy fissionable muclei [46].

Section 3, i.,e, < I'y >obsv = < Iy >%+ = 22,6 MeV, which together with the
condition E < < U can be used to describe the level density of a compound nucleus

within the framework of the Fermi-gas model,
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4.4, Average fission widths <T'f >

The structure observed in the 242Pu sub-threshold fission cross-section [ 21,
23, 25, 47] is explained by the double-humped fission barrier predicted by
Strutinsky [48]. The existence of quasi-steady states in the second dip which
are related to the first-dip states is in fact responsible for the cohserved

grouping of levels with anomalously large fission widths,

The average fisccion width <T'f >r can be expressed as the sum of the widths

for separate chammels: A

<TedL =5 (S i‘ﬁ'f_‘
o~ KZ-‘ { My 3 % k'qp‘rn ]

(4.8)

where P is the penetrability of the k—-th fission barrier which, for a sirgle-

frk
humped parabolic barrier, can be determined by the Hill-Wheeler expresaiorn L 49 ]:

Piri(' {1*6’9[&(EH’K'E)¥1‘ . (4.5)

Various methods: ¢f calculating the penetration of a double-humped fission
barrier have been invec':igated [50-53]. The authors of Ref, [51] used 2 guapi-
classical approximation to obtain the penetration of a barrier with humps af
arbitrary shape in & :izep sub-barrier region, The penetration factor is
energy—-dependent like = resonance and varies from Pmax o 4PAPB/(PA + ?B)g 1.&

Pmin = PA?B/4, where PA and PB are the penetrations of humps A and B, As a result
of averaging over the range between the levels, the penetration F satisfies the

relation

-p . J Pmau pmtn. . ( )
4,10

Reference [ 54] compares a precise mumerical calculation of a barrier penetra~
tion approximated by three parabolas with the results from a quasi-clagsical
approximation, The comparison shows that the quasi-clagsical results are
considerably higher in the vicinity of the lower hump's peak, However, the
figsion barrier parameters used in this paper are such that in the given erergy

region P, and PB are much less than unity.

A
For a barrier approximated by two inverted humps, the authors of Ref. [52]

obtained an analytical expression which also holds in the near-barrier region,

unlike the corresponding expression in Ref, [51]., The maximum and minimum

penetration values in Ref, [52] are determined as follows:

PaPe

pmus .

ma 43 (-Pa)(A- PR (4.11)
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s P . and P
max’ “min

satisfy expression (4.10). This approach was also used in the present paper to

The penetration of hunps A and B is much less than unity, and P

calculate the < Y >r widths, It was assumed that the number of chamnels was 1 for
the —’2*+ state and obeyed the (2J + 1) law for p and d states, and the penetratioms
P, and P, were calculated using formula (4.9). The successful application of

A B 240

this algorithm to Pu [55] gives grounds for hopirg that it can also satisfac-

torily describe the experimental <« e > data for 24'2Pu.

Owing to a shortage of experimental data, no distinction can be drawn
between the EKAr' Egr, ’huﬁr and 'Yugr fission barrier curves for the r state, We
therefore did not allow for splitting of both the inner and outer humps and assumed
their parameters to be the same for all states, The parameters EA = 6,04,
Eg = 5.44, ’ﬁuA = 0,8 and E"B = 0,52 MeV, obtained by the author of Ref, [39] from
a description of < 0f > in the higher energy region, do rnot match the experimental
data of Ref, [21] in the unresolved resonance region (see Fig. 4.1)., By slightly
modifying the height of the humps so that EA = 5,94 MeV and EB = 5,64 MeV, we
obtained a thoroughly satisfactory description of < 0f> (see Fig. 4.1).
Furthermore, the parameters make a better fit with the conditions assigned to
EA' EB' ’f;wA and ﬁuB in Ref., [21] where the 242Pu resonance parameters were

analysed in the sub—threshold energy region,

This approach assumes that the states in the second dip are purely vibrational,
However, several experimental results show that allowance must be made for the
possible dissipation of vibrational states in the second dip into intermediate
states of the compound nucleus [:56, 57]. The dissipation of the oscillations
agsgociated with figsion, which is simulated by introducing an imaginary part into
the potential and thus producing an absorbed flux R, broadens and shortens the
resonances, Using an approximation of the equidistant spectrum of intermediate

states, the authors of Ref, [ 58] obtained the following expression for P:

—- . - 1} z _—P-g:_._
P-Pd < Y (Pmax -Pe)(Pritn -PdY = R 55 5 (4.12)

where
Pmax 3 Pd.* g—rl 5
4% thy
Pmins Pd s %%Q.tw‘u,
b ‘2‘.‘.‘:&,
(4.13)
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Pd is the penetration corresponding to direct fission, Expression (4.12) is
analogous to (4.10) except that its physics implications are different since it

refers only to the absorbed part of the flux,

Reference [21] noted a sharp increase in the average fission width in the
10-100 keV region, One possible explanation is the weak decay of the vibrational
level, thus providing further justification for using this method to calculate

mn
< lf >r.

4.5, Partial-width distribution laws

In order to calculate the average cross-sections of reactions running through
a compound nucleus, the laws governing the distribution of partial widths must be
known, The expression for the average cross-section <« onx > takes the

form [59, 60]

S .8 =, 0arh
PACTINY E‘::}E;.,. <J€f1>9

(4.14)
where B = 4,124506 x 106 beaV for 242Pu. Shaker and Luk!janov have proposed a
general distribution covering several channels which make different Oﬂzcontributions
to the average width [61]. Where the channel contributiong are equal @1& =~ l/V,
K=1y 2y, eoney V), this distribution is reduced to the well-~known Porter-Thomas
distribution with v degrees of freedom, This distribution can be used to describe
fluctuations in the neutron, radiation and inelastic widths for the following
reasons, The contribution to the neutron widths < Fn >'r for an even-even nucleus
always yields one channel, The rumber of radiation channels for excitation
energies of the order of the neutron binding energy is large, and there are
sufficient grounds for assuming that VYT = °, When the < I'n' >. widths are
determined ~ see expression (4.5) - no distinction is drawn between states with
different neutron spin projections, and so for 5-~ and p—wave states the number of
degrees of freedom can be associated with the number of exit channels, The widths

< 'm* >
3/t 5/2+
with two excited levels, However, the contribution from the 4* level is much

and < I'n' > include contributions from scattering widths

smaller and therefore Vv, expressed as

- ( % < r’:‘W)F)!

) il AU
R (4.15)

is close to unity,
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The distribution of fission widths I‘fr is a different matter, As a result
»f the double-humped fission barrier, the fission-width distribution differs from
the Porter-Thomas distribution, The latter generally applies only to Y?r widths,

which are related to the fission widths as follows:

TirCE) = 235, Py CE), (4.16)

where Pfr(E) represents the barrier penetration for fission from state r, which
varies non-monotonically in this case, The authors of Ref, [51] have proposed
the following method, algo used in this paper, for taking the fluctuations in
the fission widths into account, The law governing the distribution of the

penetration p, which is derived from the energy dependence of the penetrability

in a quasi-classical approximation, is as follows:

W (p)+ (K P P PyChmny ] (4.17)
and it may also be used to express fluctuations of the local average widths Pﬁ_.
However, local fluctuations are described by the Porter-Thomas distribution

I-| T\ . o 3 . - 3 - T . ? = N
Py( fr/ fr)' Then the distribution of the quantity ¥ r{r/(r‘>r‘_3_f “J.s:;'_ -‘. T
may be defined as:
T dx
@ (R JPy¢ az.
§ WP W(R/y¢) ¥ (4,18)

The authors of Ref, [58] have proposed a somewhat different method for
describing fluctuations in the fission widths, The distribution in expression (4.17)
links the average width fluctuationg with the fluctuations in the direct fission
penetration (see Section 4.4), the period of which amounts to a few hundred keV,

At the same time the characteristic structure period in the fission cross-section
amounts to a few hundred oV (" 600 eV for 242Pu [21]). By expressing the fission
penetration as [58, 62]

Py« Pd +Pa , (4.19)
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where Pa is the penetrability for muclear fission via intermediate states in the
second dip, we can obtain substantial variations in Pf over an interval of

8 1 keV, which is equal to the level spacing in the second dip, The u)(p) distri-
bution obtained in Ref, [58] takes the form

- ~q-3
WPy * (P -Pg)[x (P-PLIV(Prax-PYP-PminY ] {4,20)

where Pmax and P are determined by expression (4,11).

min
In this paper we adopted a simpler approach requiring a knowledge of fewer
parameters, and we used formulae (4,17) and (4,18). Table 4,1 shows the mumbers
of degrees of freedom for the Porter-Thomas distributions of the widths of all
processes and states, The number of degrees of freedom Vfr’ determined by the
number of open fission channels, is related to the Porter-Thomas distribution

PV(T}r/I’fr) describing local fluctuations in I}r with respect to the mean values.

Table 4,1

Number of degrees of freedom V r in the Porter-Thomas
distributions for 242Pu partial widths

! I T T
{
™ i Ine b e i \I Vye
1/2* T 2 T
1/2° T 1 2
327 I 2 4 et
3/e* I I 4
5/2% T I 6
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4,6, Analysis of average 242Pu resonance parameters

The quality of the average parameters is judged by the extent to which they
fit the data obtained in the resolved resonance region and by the description of
the average cross-sections, In this section we shall use virtually all the
<

’ L > ’
obsv Y obsv
So and op, which is the potential scattering crogs—section, Let us examine the

information from the resolved resonance region: < D >

comparison with the experimental data on average cross-sections,

The total cross—section < ot > was calculated using the formula
Gad » ‘."G’Ia}':‘_\uu)&n'y,_‘ = Z(ztn)f‘ € Sefe - 43:¥(!h—1)r5 S.&Qan‘i, (4. 21)

where the first term represents the potential scattering cross-section, the
second the compound nmucleus production cross-section and the third takes into
account interference from potential and resonance scattering, The phase shifts

q’l were determined as:

\.eo L] “{Q;
Y, 2 kR "M"tC.I'LKR);

Y, KQ.., anddg U 5*“%1] (4.22)

where the scattering radius R is derived from the condition that in the low energy

region Op = 4:R2. The evaluated op is 10,5 b,

Figure 4,3 shows a comparison of the theoretical and experimental data
on < ot >, Unfortunately, the data available from Young and Reeder [?9] can
be used only to confirm that there is no conmtradiction with the op and So values
used by us,

The < o, > cross-section was calculated from formula (4,14) without
allowing for fission competition since the fission widths in this region are

narrow ( 0 . ~ 10 mb), and considerable amounts of machine time are required in

f
order to achieve the desired accuracy using the real fission width distribution,
| value, initially set at 2,5 x 1074,

would be calculated more accurately later on the basis of the experimental data

As stated above, it was assumed that the S

on < oY > ., However, the comparison in Fig, 4,2 shows this not to be necessary,
The systematics of the strength functions S for heavy muclei lead us to the

conclugion that, for 42Pu S1
that the p-wave contribution to the <« oY > cross-gection at 7 keV and the

is known wlth 25% accuracy, We should point out

d-wave contribution at 175 keV are comparable to the S-wave contribution,
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< on' > was calculated in the same way as < OY >, Figure 4,4 shows

that the S-wave contribution is minimal since only the d-wave contributes to the

exit channel,

The fission cross-—section < % > was calculated from formula (4.14) by
the Monte Carlo method, owing to the complexity of the law governing the fission-
width distribution, The rmumber of histories was selected so that the error in

< % > due to the finiteness of the selection did not exceed 20%, A consid-
erable amount of machine time would be required in order to improwve the accuracy
of the calculations, and the experimental data below 100 keV are no more
accurate, The comparison in Figure 4,1 with the results from experiments shows

that the agreement is entirely satisfactory,

The average resonance parameters thus maintain the fit with the experimental
cross—sections, and the results of the calculations based on these parameters can

therefore be used as evaluated data,

Table 4,2 shows the estimated 242Pu cross—sections in the 1-200 keV region
(on and ot allowing for direct processes). Table 4,3 shows the partial cross-

gections < cf >}_ which are difficult to calculate,

Table 4,2

Evaluated data on average 242Pu cross—sections
in the 1-200 keV region

E, keV | <Sw>, 8 | <&,F | <Sw),B gT<6'i>,S§r (BN, T

I 10470 1,201 0 0,010 22,68
1,5 18,116 2 407 0 0,015 20,578

2 17,268 2,050 0 C,013 19,335
2,5 16,668 1,817 0 0,012 19,497

3 16,223 1,650 0 0,011 7,88

4 15,588 T,440 0 0,010 17,038

5 15,155 1,309 0 ¢,009 6,473

6 4,838 , 1,217 0 0,009 16,064

7 14,596 1,146 0 0,009 15,751

8 4,406 1,089 0 0,08 15,503

9 T™H,252 v 1,042 0 ¢,008 15,302
10 14,125 1,000 0 0,008 15,133
15 13,717 0,857 0 0,00 58
20 13,501 0,758 c 0,007 14,269
25 13,366 C,686 0 0,007 14,055
19 13.268 0.629 0 0,007 13.904
40 13,123 0,519 0 0,007 13,679
50 21957 0,463 ¢,C8I 0,008 121509
60 12,742 387 0,230 0,008 131367
70 12,543 0,335 0,351 0009 13,238
&) 12,359 01300 0,449 Coi9 13,117
0 12,160 0,274 0,530 0,010 13000
(0 12,025 0,255 0,598 0,010 12,858
[0 11,718 0’266 0,709 0,012 12,66
140 11,413 0,210 0,805 0,014 90442
160 11,129 0,198 0,87 0,017 12,207
10 10,845 0,190 0,942 0,020 11,987
200 10,561 0,186 0,961 0,023 11,751
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Table g:. 3

Partial fission cross-sections for 242Pu
in the 1-200 keV region

< G‘XP‘ mb

By ke e 1 1/e- | 3fi- ] 3/24 (524
I 16,2 6,6 I2 0,0 0,0
1.5 12,8 0,7 1.5 0.0 0,0
? 10,5 0,8 1,7 0,0 0,0
2,5 9,2 0,9 1,9 0,0 0,0
3 8,0 0,9 2,1 0,0 0,0
l 6,7 1,0 2,37 0,0 0,0
5 5,7 1,1 2,5 0,0 0,0
€ 5,0 1,2 2.6 0,0 0,0
T 4,5 1,2 2,8 0,0 0,0
8 4,1 1,3 2,8. 0,0 0,0
7 3,8 1,3 2,9 c.0 0,0
10 3,6 I4 2,9 ©,0 0,0
15 3,0 1.4 3,2 0,0 0,0
20 2,7 14 3,3 0,0 0,0
25 2,5 1.4 3.4 0,C n,0
20 2,3 1,5 3,4 0.0 0,0
40 2,1 1.5 3,7 0,0 0,0
50 1.9 1,6 4,1 0,0 0,1
60 1,8 1,8 4, 0,1 0,1
70 1,7 2,0 1,8 0,I- 0,1

8 1,6 2,1 5,0 0,1 0,2 -
90 1,5 2,2 5,4 0,2 0,2
100 1,6 2,4 5,9 0,2 0,3
120 1,8 2,8 67 -03 04
o 2,0 3,2 7,8 0,4 0,6
160 2,3 3,8 9,0 0,6 0,9
180 2,7 4,3 11,2 0,7 1881
200 3,3 5,2 12,2 0,9 1.

It is interesting to compare our evaluation with the data of Caner and
Yiftah [14] and Lagrange and Jary [63]. It should be remembered that the latter
results were obtained by generalized optical and statistical modelling, The

main parameters are compared in Table 4.4,
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Table 4.4

Comparison of average 20’2'Pu parameters in the unresolved
resonance region with the data from Refs |14, 63]

FE— T 1 T ‘ Y
Paper | ‘P obsv! <Mt obsv $5107" (! 941074 : Sy ®

eV . Mev _ | *Al
Caner, 137,12 28+1 I,I7:0,23 T <I/2 0,520 12,2

iﬁ adi T =3/2 ©,675
%gg;‘afé’ﬁq 16,5 27 1,00 2,63
[N A R

Present
paper 14,2340, 22,6+0,7 0,9140,15 a,5 10,5

There are obviuitsly very considerable differences between the parameters,
Figure 4.3 shows t.a. the shape of the < g > cross-section in Ref, [14]
differs from the daia in Ref, [ 63] and in the present paper, although these two
sources are in goca agreement with one another, Moreover, the data in Ref, [14]
on < GY = bag. 4.2) do not agree with the experimental results in
Refs [28] and [33), whereas the data from Lagrange and Jary and the present paper
are in good agree:::nt with those results and virtually coincide, The <Zifferences
(Fig, 4.1) are due *o the different approaches and parameters used in the

calculations,

A4.7. Analysis of errors in the evaluated average cross—sections in the 1-200 keV
region

In order to determine the accuracy of the evaluated average cross—sections,

all sources of error must be analysed: uncertainties associated with the model
approximation, experimental errors and the extent to which the estimates fit the
experimental results, and uncertainties due to errors in the parameter calcula~
tions,

The model used to calculate < on >, <am' >, < OY > and < 9, =

cammot give rise to substantial errors by virtue of the condition E << 8n,

standardization in terms of <D > and < T the low value of

>
obsv Y obsv’

the < Oe > crosg—~section and also owing to the fact that the narrow-resonance

approximation and the accepted partial-width distribution laws are valid in this

energy region,



- 27 -

The uncertainty in < cf> must be assessed on the basis of the experi-
mental errors, which are rather high according to the data in Ref, [21],
Furthermore, there may be a significant intermediate structure in < O =
caused by the double-humped fission barrier, An analysis of all the experimental
data shows that the real error in the evaluated < % > data will amount to 50%
at 1-10 keV and then decrease to 7% in the 100-200 keV region,

In order to analyse the uncertainties due to errors in the parameters, let
us assume that the average distances < I > and widths < PY >r are
known with the same accuracy as < D > and < TI'_ >

obsv Y ~obsv*
possible since all level density models give virtually the same results and the

This is

< PY >r values are virtually equal to the < I"Y >

> alue
obsv values,

We should point out the high accuracy of op (2‘..8%), < 1"Y > obav. (3.1%)

and < D >, 3.8%). S, is determined with 16% accuracy and S, with 25%
accuracy,

An analysis of partial contributions to < % > shows that the error may
be estimated adequately by taking into account the error in the S—wave contribution
to the potential scattering cross-section and the S- and p-wave contributions to
the compound nucleus production cross—section, which are caused by the uncertain-

The relative partial and total errors in < o, > are

ties in op, So and S +

shown in Table 4,5,

10

Table 4.5

Relative partial and total errors in the
theoretical cross—-section < o, >

E, keV { Source of error . } 4 <6y>
_ LGP, 1 as, | 4 Sy | <G>
I 0,013 0,087 0,06 0,088
) 0,018 0,053 0,011 0,057
10 0,019 0,041 ©,017 0,08
20 C,n20 0,030 0,025 0,04
40 0,020 0,023 0,034 0,046
100 0,020 0,015 0,19 0,055

200 0,019 0,012 0,060 0,064
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The total error in the theoretical cross—section < o, > amounts to 5—9%. The
real error may be somewhat larger owing to unforeseen contributions and to the
possible ¢ dependence of the radius R, The total error in < % >  was

therefore increased by 1%.

In considering the uncertainty in the theoretical cross-section < U‘( >,

let us confine our attention to the 1-40 keV region where only S- and p-wave
contributions need be taken into account and there is no competition from
inelastic scattering, Let us also ignore competition from fission channels and
the effect of fluctuations in the neutron widths, which do not exceed 30"/3. Let
us also assume < D{(u) >p = < D(Sn) >p and < F‘( >p = const, Then

expression (4.14) can be written for < OY > as

6> =B crys L0 :
£ r <D D+ &7y (4 23)

which is convenient for analysis, Uncertainties in < I‘Y > < D > r and
< Pn -, are the sources of error in the < OY > wvalue, The relative partial

and total errors in < OY > are shown in Table 4,6,

Table 4,6

Relative partial and total errors in < o >
1

! FEAGT &~

{ Source of error !I
Ey keV'i a <y Tl & <{Ddp { & <Thop !' <Sp>
T 0,018 0,034 0,053 0,065
5 0,014 0,025 o,n2 0,051
JO 0,012 0,023 ' 0,072 0,077
20 0,011 0,024 0,063 0,068
40 0,014 0,024 0,02 0,050

The minimum contribution to < OY > errors comes from the uncertainty in
the <« 1"Y > value, and the maximum contribution from the uncertainty in
< Pn >r which is govermed in turn by the uncertainty in S; and < D >

The error in the thecretical cross—section <« GY > due to the inaccuracy of
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the basic parameters amounts to 5-8%, The 8% value nust of course also be
agssigned to the error throughout the 1-200 keV region because, although the
error decreases as the energy increases, there is a growing influence from a
rumber of factors which we have not taken into consideration, In order to make
a final estimate of the error in the <:OY > values we have obtained, the fit
with the experimental data must also be considered (Fig. 4.2). The theoretical
curve and experimental data from Hockenbury et al, [28] are in agreement within
the error limits quoted by them, However, it can be seen that the error in the

region below 40 keV must be increased to 10%.

Let us now evaluate the error in the theoretical cross—-section < % >

which may be written as follows in the 1-40 keV region:

L8>« L HpPo + < Ceompe + < Teamprs =< Tpre- <Gy, , (4, 24)

Table 4,7 shows the uncertainties in'<oh:>calculated from the data from
Table 4,6, The same table shows the uncertainty in <:on > calculated on the
agsumption that the error in < OY > is 8% and the gp error is doubled

(A<on>/< o, > ).

Table 4,[

Theoretical uncertainties in the < o > cross-section

ir

B, keV Source of error | #4571 a<6n>
1 <633 18<6empd, |8<Ceaupd 1 463> | <G> | c&a>
1 0,015 0,101 0,00u 0.,0n% 0,103 0,106
5 0,019 0,059 0,012 0,004 0,063 0,072
10 0,021 C,0u 0,018 0,005 0,052 0,06k
20 0,021 0,032 0,026 0,004 0,47 0,060
40 0,021 0,024 0,036 0,002 0,48 0,060

The following uncertainties in the < o, > crogs-section estimates can thus
be derived from Table 4,7: 8% at 1 keV and 6% at 5-20 keV, rising linearly to
8.5% at 200 keV,
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The errors in the theoretical cross—section <on' > were obtained by
analysing its sensitivity to the parameters of the p-wave, which is the main
contributor, The S1 uncertainty is the main source of error in this case,
The < on' > error decreases with energy and was estimated to be 20% at
50 keV, 13% at 100 keV and 9% at 200 keV,

2
Table 4,8 shows the final accuracy of the evaluated data on average ‘42Pu

cross—~sections in the 1-200 keV region,

Table 4,8

Errors in the evaluated data on average 242Pu cross—sections in
the 1-200 keV region

Pac6y> o 1 82653 1 a<6.> ' ad6n> ' a<Gu> o
E,keV‘!-—-G—_:-;‘/{ 6"')"‘ ¢6,)> l: 46")1: (5G>J/
~ ; 3 - 7 _ T N T [
I 50 10 1 } S
5 " 50 10 7 - 7.
10 50 10 6 - 6
o0 10 10 6 - 5
40 20 10 6 - 6
00 7 8 7 13 7
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calculation without allowance for negative level, * - represents
the data from Young and Reeder's paper [9] and x - the data from

Young et al. [11].
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Fige 3.1. Comparison of Porter-Thomas distribution (— — — —) and T’°/< re =
distribution histograms for <P° > = 1.3 MeV,
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data in Table 3.1,



-39 -

L3 bl ] 1ot el

10° 10’ 10° £, keV

Fige 4.1, Comparison of theoretical and experimental data on <O > for 242Pu
in the 1-200 keV region, T 7l. _ . represents the data §rom Bergen
and Fullwood's paper [23],  L—_ from Auchampaugh et al. [21],
————— from Caner and Yiftah [14] and e —— from Lagrange
and Jary [63]. o represents the calculation based on Lynn's
parameters [39] and ————— the evaluated data in this paper,
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Figs 442, Comparison of experimental and evaluated data on <OY> for 242'lz'u.

~  |__ is taken from Hockenbury et al, [28], ° from
Wisshak and Kdppeler [33], — — ——— from Caner and Yiftah [14]

and is the result from this paper.,
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Fige 4e3s Comparison of experimental and evaluated data on <o _>for 242Pu.
is taken from Young and Reeder's paper [9], — — — — from
Caner and Yiftah [14], —+ from Lagrange and Jary [63] and
is the result from this paper.
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ABSTRACT

UDC 539.173.4

EVALUATION OF NUCLEAR DATA FOR 24%py IN THE REGION OF RESOLVED AND
UNRESOLVED RESONANCES (10™° eV-200 keV). G.V. Antsipov, L.A. Bakhanovich,
V.A, Kon'shin, VM, Maslov, G,B. Morogovskij, E.Sh. Sukhovitskij,

Yu.V, Porodzinskij, Coll, "Evaluation of nuclear data for 242Pu in the
10—5 eV-15 MeV neutron energy region", Minsk, Heat- and Mass-Exchange
Institute, BSSR Academy of Sciences, 1979, pp. 3-52,

Neutron data for 242Pu are evaluated in the resolved and unresolved
resonance regions, In the 10-5—1 keV region, the evaluation is based on
the Breit-Wigner resonance parameters, In the unresolved resonance region,
all types of average cross-section and width are calculated, The authors
quote average parameters and cross-sections in the 1-200 keV region and

analyse the errors in the evaluated data,

Thirteen tables, eight figures, 63 bibliographical references,
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EVALUATION OF NEUTRON CROSS-SECTIONS FOR 242Pu IN THE 0.2-15.0 MeV
REGION ON THE BASIS OF EXPERIMENTAL DATA AND THEORETICAL MODELS

G.V. Antsipov, L.A. Bakhanovich, A.R., Benderskij, V.A. Zenevich,
A.B. Klepatskij, V.A. Kon'shin and E.Sh. Sukhovitskij

242

In the 0.2-15 MeV energy region for Pu experimental data on the
energy dependence of neutron cross-sections are totally lacking, except
for the fission cross-section., In performing the evaluation it was
therefore necessary to make wide use of the various theoretical models,
namely optical, statistical and pre—equilibrium decay models and also

the results of the systematics on the neighbouring nuclei.

The fission cross—section was evaluated on the basis of experimental
data; it is therefore hoped that proper allowance for the competition of
fission will substantially raise the accuracy of the other calculated

cross—sections.

1. EVALUATION OF THE PISSION CROSS-SECTION o FOR 2425, IN THE
0.1-15 MeV REGION

Of the available %p measurements for 242Pu [1—9] only the data of

Alkhazov et al. [1] are absolute; the others were obtained in relation

to the Op for 235U. In the evaluation of op (242Pu) all existing

experimental data were considered. The data on the o, (242Pu)/of(235Pu)

(242

ratio were converted into absolute values of Op Pu) with the use of

the evaluated data of Ref. [10] on of(235U)
of the correlation of experimental data. The renormalization could not
be performed only for the data of Bergen and Fullwood [ 6] since they did

not indicate the exact source of the cf(235U) values used by them.

obtained with consideration

Comparison of the derived cross-sections of(242Pu) shows the follow-
ing. The data of Kupriyanov et al. [2] and Meadows [3] are in good
agreement with one another. In the region up to 0.8 MeV their data
also agree with those of Butler [9] although in the region above 1 MeV
they lie considerably higher (by ~8%). The data of Fomushkin and
Gutnikova [7] lie systematically below all others. This may be the
result of inaccurate allowance for the contribution of other isotopes to

A 242

fission, owing to pcor target purity (73.3 Pu). Moreover, these
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data have a large scatter around the average curve. The data of Behrens
et al. [4] and Bergen and Fullwood [6] agree, on the whole, with one
another, However, the data of the latter in the entire region and those
of the former in the region up to 1.5 MeV lie somewhat above the data of
Kupriyanov et al. [2]. The data of Auchampaugh et al. [5] lie between
the four other sets of data [2—6]. In the region above 4 MeV there are
only two sets of data [2,4]). 1In the region above 6 MeV the data of
Behrens et al. lie ~3% below the data of Kupriyanov et al. [2]. They
also lie considerably below the absolutely measured value of Alkhazov

et al. [1] at 14.8 MeV,

Considering all the experiments, including the data available with
us, we concluded that the evaluation of of(242Pu) in the region up to
7 MeV should be based on the data of Kupriyanov et al. [2]. These data
are in good agreement with those of Meadows [3], although the latter are
available only in the form of a graph and are preliminary. Besides,
Meadows does not give the errors of his data. The data of Bergen and
Fullwood [6] were not taken into account in the evaluation because they
were impossible to renormalize. Moreover, in their experiment (6] a
strong anisotropy of fission fragments was obserwved, especially above
1 MeV, and the measurements were carried out only for two angles,
Lastly, these data have a large statistical scatter around the average
curve in comparison with the data of Ref, [2]. Butler's data [9] were
available only in the form of a graph. The data of Formushkin et al.
[8] exhibit a considerable systematic difference from all the other
available data.

In the region above 6 MeV the data of Behrens et al. [4] lie on an
average ~3% below those of Ref. [2] and ~6.5% below those of Alkhazov
et al. [1] at 14.8 MeV, while in the region of low energies they lie
somewhat above the data of Kupriyanov et al. [2]. Renormalization of
the data of Behrens et al. to the absolutely measured value of Alkhazov
et al. [1] does not impair their agreement with the data of Kupriyanov
et al. [2]. Therefore, in the region above T MeV the evaluation of
of(242Pu) was based on the data of Behrens et al. [4] renormalized to
the value of Alkhazov et al. [1] at the 14.8 MeV point.

A further justification for the choice of +he data of Kupriyanov
et al. [2] to be used as reference for evaluation in the region up to

7 MeV is also provided by the comparison with the value of the average
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252

cross—section 3}(242Pu) over the Cf fission spectrum measured by

Alkhazov et al. [1]. During the averaging it was assumed that the
2520f fission neutron spectrum was governed by a Maxwellian distyribution
although this may not be true of the whole energy region. Thus, Knitter
et al. [11] did not observe deviations from a Maxwellian distribution in
the 0.15-15.0 MeV region, while Batenkov et al. [12] found similar

deviations in the region below 0.7-0.8 MeV.

Calculation for the 2520f spectrum temperature T = 1.42 ¥ 0,05 MeV
gives a value averaged over the 252 Cf spectrum of of =1,13 ¥ 0.01 b
(the error is due only to the temperature error) for the evaluated data
of of(242Pu). It is somewhat higher than the experimental value of
Alkhazov et al, (Ff = 1,095 ¥ 0.020 b). It should be borne in mind,
however, that the value of 9p calculzted from other data can only be
higher. The evaluated data on o 2Pu), on the o 242Pu)/o 235U§
ratio and on the o (235U) used are given in Table 1. 1. The evaluated

242

and experimental data on o Pu) are given in ¥igs 1.1-1.4. Com-

£
parison of the data of the present evaluation with those of Caner and
Yiftah [13] and Lagrange and Jary [14] shows considerable disagreement
(up to ~40%) in the 0.1-0.3 MeV region, Considerable disagreement with

the data of Ref, [13] is also observed in the 6-10 MeV region,

Let us now consider the question of the accuracy of the Of(242Pu)
data. The evaluation in the region up to 7 MeV was based on the data of
Ref. [2] on the af(242Pu)/of(235U) ratio, having an error of 2.2-2.5%
above 1 MeV rising to 5.7% with decrease in energy to 0.127 MeV.

Another most complete set of data [4] on the cross-section ratio has an
accuracy of 1.8-3% in the 1-15 MeV region, which falls to 18% at 0.1 MeV.
Both series of data agree within the errors cited by the authors. Hence
it is valid to evaluate the accuracy of the Of(242Pu)/0f(235U) ratio at
3% in the 1-7 MeV region, reducing it to 6% at 0.1 MeV.

In the region above 7 MeV the accuracy of the o (242Pu)/0 235U)
ratio will also be lower. The of( 42Pu) value derived from the ratio
of Ref, [4] and from of(235U) [10] at 14.8 MeV and the absolute value of
Ref. [1] differ by 6%, agreeing only at the boundary of the error range;
hence, the error of the ¢ (242Pu)ﬁ3f(2350) ratio at this energy can be
evaluated at 5%. Although the absolute measurement of Ref, [1] at
14.8 MeV has an accuracy of 2.8%, the error of Uf(242Pu) in the 7-15 MeV

region will be somewhat higher, Considering the above and bearing in
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. 235 . .
mind that the accuracy of cf( U) is evaluated at 3% [10] in the whole
energy range under consideration, we present in Table 1,2 the evaluated
s . 242P 235, 242
uncertainties in the values of of( u)/of( U) and of( Pu).

2, USE OF THE COUPLED CHANNEL METHOD FOR EVALUATION OF 242pu NUCLEAR

DATA

Recently the coupled channel method has come into extensive use for
evaluation and prediction of the neutron cross—-sections of actinides.
For heavy nuclei the dependence between the different channels is quite
strong, and the coupled channel method is effective [15,16]. Born's
method of distorted waves [17] is being used with success in regions
where deformation of the nucleus 8 is small (8 ® 0,1). At higher values
of B the differential elastically and inelastically scattered neutron
cross—gections are not described satisfactorily by the distorted wave
method since the low-lying collective states influence not only the in-
elastic scattering processes but also the elastic channel. It is
preferable in this case to use the coupled channel method, i.e. to seek
an accurate solution of the quantum—-mechanical problem of scattering on

a deformed non-spherical potential having an internal structure.

The most rigorous solution of this problem was suggested by Bohr
and Mottelson [15]., Later the coupled channel method was developed in a
number of papers {18-21] and incorporated in computer programs [16,22-25].
We give the principal formulae of the method, following Tamura [16].

The generalized Hamiltonian of the system of target nucleus and

incident neutron can be presented in the form

H=T=+W:~\(8%, (2.1)

where T is the operator of the incident-neutron kinetic energy, HT the
Hamiltonian of the target-nucleus internal motion and V(r,9,9) the inter-
action potential. The total wave function of the system v is the solu-

tion of the Schroedinger equation
WY = eV, (2.2)

This function can be expanded with respect to the full set of eigen-
functions of operators T and HT:

- IM
W=D th.;,&" (Yeupe @ Pi0) = (2.3)

TMntin

: T - ) E
= —':\i' ; Rn!..%,‘hzzafkntnmsMn\TM)%gn&“ms(?ImM*,
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where QJLQN is the spherical spin-angular function with orbital moment

4n and total moment jn; is the wave eigenfunction of the

Hamiltonian of the target nucleus with momentIn and its projection Mn

and satisfies the Schroedinger equation:
Hy Prma = Ea Prama » (2.4)

J and M are the total moment of the system and its projection on the =z
axis, respectively. The interaction potential V (r,9,9) is chosen in
the generally accepted form with a radial Woods—Saxon dependence and its

derivative:
A — o

‘J -
R o

1——Qg_ . (2.5)
_Aiwpaxpo® _<5, \"-1, “sere TEx_ (18),
ROTTES) <) BT Qrog By

vhere 9, ¢ are angles in the centre-—of-mass system.

Considering axial symmetry, the radius of the nucleus is presented

in the form
Ri= RLQ (\ ~§' ?).Y)O&GP)) ’ (2. 6)

where 9' represenis angles in the co-ordinate system connected with the

nucleus, Then potential (2.5) can be written as

V(@8.9) = Vatag + Veouge (D (2.7)

\xmﬁ%g@) D:QLOQYM.&e.@. (2.8)

»
Here 'D‘,,(G\) is the matrix of rotation and @, represenis Euler angles
between the laboratory system of co-ordinates and the system connected

with the nucleus.
V@ 4R 3‘1 G- RelT py Y1, @) Vel @) dlone), (2.9)

a0
and Vdiag ="
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Substituting (2.3), (2.4) and (2.7-2.9) into (2.2), multiplying the left
side by (‘\Jl“-kp ®s. 3;,.‘ and integrating over all the co-ordinates
except the radial variable r, we obtain a system of connected equations

v 1 -
.:!k:‘._ S:(%_E‘ﬂ).. - %!;‘_ Vdiog * \) Ret.j, @)=

Y (e, N Nl U 8PN R

vlL -

(2.10)

RS

In order to calculate the matrix elements in the right-hand part of (2.10),
we need to know the form of the wave function of the target nucleus. For

axially symmetric nuclei usually the rigid rotator model is chosen

Prom =11 A D (8) (2.11)

where K is the projection of moment In on the symmetry axis of the nucleus.

Then the matrix coupling element can easily be calculated

LYoy OPE) T WVeguge| L-®‘?Q“$ —-~Zmz)\l(2y« @) x

@TH) i aYeAND) CENKOVT WG TET T = (2.12,

VIR USUR RV FIIN
xQ—ﬂT/-Xa 3~ Ya(L-9)

In this manner, we can now solve Eq. (2.10) for radial wave functions
:{ilnbﬁg' . If we connect this snlution with the asymptotic one in the
region outside the boundary of the nucleus, where the influence of the
residual potential can be neglected, we obtain the coefficients of the C

matrix,

Let us determine the form of the asymptotic function. The initial
state of the system is characterized by a plane wave of unit amplitude in

the entrance channel

I\Vinc _L xPQ.\q 2.\) q)x'_\u‘ &sm‘ (2.13)
(where v is incident neutron velocity) or in the representation of the

total moment of the system J

Yine=\ AL _& Z@.o.u\ <V.%omém‘3<31\m Ml IM) x

IM%ML

x(-QLFJ (%QAQQ(PI\)TM (2.14)
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The total asymptotic wave function takes the following form

Yo =T ‘:‘gzz~«5’*<tsom,\3m> CGTamemay M)Z:SML oSy Fe
) T My | nt) (2.15)
. . O e (Y ® P Y-M.
v (& 3@“3 Copray GO+ &) By @ ®)
where Fg n) and Gg n) are the regular and irregular Coulomb functions,
respectively. It is implied that in the entrance channel ¥  is the
superposition of the plane incident wave and the diverging spherical one,

while in the others they are diverging spherical waves. The asymptotic

wave function determines the scattering amplitude:

th“h UM, (Q l?)‘-. Naw_ Y@_ 1) q‘“!}.<150m‘\am> %
~ (2.16)
x((\’i,m.M\\TW(Q'sWW\.'\"m‘-)q‘i.‘m-‘n..\TM) Y,.m; (o) .

48,

It is now easy to write the expressions for the differential a5 and
integral On cross—sections for eleastic and direct inelastic scattering at
levels:
d6a DN
da’ = zcnw D img \X.‘“‘“‘"‘*‘““@ o
| T
&
=Q%aiT>k}m, \.,?w i C..;‘nu,' @3 s N A @ >
\‘ 1 ‘e ( 20 17)
ey i-)ejiv) Sj R(cose)—‘—[w( S Y0 Y 0 ]
A XA o

% (e Y;—‘/;\\.u‘)q:gl‘/.-ﬁ\\.(»'\ﬂ T W (gL,
where averaging has been performed over the initial states and summation
over the final states.

Integrating (2.17) over angles, we obtain the integral cross—section
at the level

2% -
B (JM\\C ey \*.
k211D T‘l}l ty (2.18)

The total cross—section is determined by the optical theorem

2w . . T
Sy = Ti@mds j‘; @7+ T Copryy (2.19)
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We determine the compound nucleus formation cross-section as

Cea Sy —,6n=
™ (2.20)

k‘(n‘ 1)T QJM)(XMQ‘* M ): Cy; “"3 '\ )

sy
By comparing expression (2.20) with the expression for 06 of the spherical

optical model, we can obtain the generalized penetration factors

+ . T - 3 2
Ty =4 G Cyuy "Zq-‘ctxmt‘r\ ) (2.21)

Application of the coupled channel method requires considerable mathe-—
matical work because of the impossibility of analytical calculations so
that complicated computer programs have to be developed. However, in view
of computational difficulties, even in the most sophisticated nuclear data
evaluation program [22], as is mentioned in Ref. [26], the optical
potential parameters were not determined automatically by using the xz-

criterion.

In order to apply the coupled channel method to evaluwate nuclear con-—
stants, we developed the COUPLE program for the BEHSM-6 computer.
Special studies were made to determine the optimal conditions for
numerical calculation, In the numerical calculations we used the
results which Kikuchi [23] and Dzyuba et al.[25] had obtained in their
studies of the influence of the various physical approximations on the
cross—-section values calculated. The COUPLE program was combined with
the optimization problem of the search for the potential parameters by the

method of conjugate gradients, which best describe the initial experimental
data.

The C-matrix coefficients and the neutrom cross-sections
o, Oit, 04* calculated by this program were compared in respect
238% with the calculations by the JUPITOR program, which had been sug-
gested as a test by Kikuchi [23]. The comparison showed that the C -
matrix coefficients differed by not more than 10"4 and the neutron cross-
sections by not more than 0.1%, Such an agreemont with the results of
Kikuchi [23] is achieved with allowance for the fact that Kikuchi used the
old value of the constant of conversion of energy into wave number
k = 0,2178 —T VE]_ b? where E is in NeV and k in Fermi 1. In our cal-
culations the refined constant equal to 0.219677 was used,
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The coupled channel method can be used to calculate 041 Ogs So’ Sl’ c;+,
the angular distributions of elastically and non-elastically scattered
neutrons and the direct-excitation cross—sections for the first levels. In
order to determine the potential parameters we can directly use only the
experimental data on So’ Sl’ op and Oye The overwhelming majority of data
on the angular distributions of elastically scattered neutrons cannot be
used to obtain the optimal potential parameters because they contain either
an igsotropic part due to the compound contribution at low energies or an
often unknown contribution of the unresolved lower levels at high energies,
In most cases, therefore, we can only compare the theoretical data on the
angular distributions of elastically scattered neutrons with experimental

data, but not use the latter for obtaining the potential parameters.

By way of example, we give the potential parameters for 238U obtained
by us. As experimental data, from which the potential parameters were

derived, we took So’ S in the region of energies of the order of a few

y O
keV and o, in the 20 kiV—lg MeV region. In the second step of fitting,
apart from these data, we also used the most accurate experimental data on
the angular distributions of elastically scattered neutrons [27,28] at 2.5
and 3.4 MeV, in which the contribution of the lower levels is clearly dis-
tinguished. However, it should be noted that, in spite of the high quality
of the experimental data in Ref. [27], there is an inconsistency between

the high value of Ut at 3.4 MeV and the comparatively low value of the dif-
ferential elastic scattering cross-section at small angles obtained in that

work,

The potential was expanded in Legendre polynomials up to and including
A = 6, and the calculations were performed with consideration of the
coupling of three levels (0'-2*-4%). After optimization we obtained the
following values of the potential parameters for 2380:

Vo= 47,5 - 0,38 , Qu=0,62¢ ,Re= 7,600 @ (Tupel,23485¢

W,.{a 7+ 0,4 En for Bu<1oMeV, Oy 0,58 ¢ ,R, = 7,808108
6.7 for En»I0MeV (r = I,269) °

Ne= 7,5MeV, $ee= 0,216, §yq = 0,067, We= 0.

The values of the strength functions and potential scattering radius
for 238U calculated with these potential parameters are given in Table 2.1.

The calculated values of Ot(238U) agree with the experimental values
to within 1-3% in the region from 50 keV to 15 MeV.
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Pigures 2,1 and 2.2 compare the calculated (using the above potential)
and experimental data on neutron angular distributions for the elastio (O+),
the first excited (2*) and the second excited (4+) levels for 2380 at 2.5
and 3.4 MeV., The figures show satisfactory agreement between experimental
and calculated data although the structure in the angular distribution of
inelastically scattered neutrons at level 2+ is not sufficiently well
reproduced in calculation, and this may be due to the need to take into
account the coupling of several additional channels, as is noted in Ref. [27].
It will be seen from a comparison of the results of calculation by the
coupled channel method and those by the spherical optical model with the
potential parameters of Lambropoulos [29] that the experimental data on
angular distributions, especially for large angles, are described much
better by the former method. This indicates that the contributions of the
various partial waves to the cross—-section are calculated more correctly in

the coupled channel method.

The potential parameters for 238U obtained by us agree satisfactorily
with the first version of the parameters of Lagrange [22] and differ some-
what from the second version of the potential given in Ref. [27], which was
obtained by heavily "weighting" the experimental data on the angular distri-

butions of elastically and inelastically scattered neutrons.

The calculated neutron cross-section values, especially at low energies,
are sensitive to the choice of deformation parameters, The information on
the shape of nuclei comes mainly from studies by the method of Coulombd
excitation of nuclei [30] and inelastic scattering of electronms [31], which
give the proton distribution in the nucleus. The values of the obtained
deformation parameters '20 and 340 depend on the assumed form of charge dis-
tribution in the nucleus (thns, according to the data of Ref. [30] for 2380
in the case of uniform charge distribution 520 = 0,253, in the case of Fermi
distribution 320 = 0,283 and in the case of charge distribution with a hard
core 320 varies from 0.252 to 0,200 as a function of the constant density
radius) . Besides, it is necessary to distinguish the charge deformation
parameters of the nucleus, which can be determined by electromagnetic
measurements, and the deformation parameters of the nuclear potential, which
can be obtained from experiments on inelastic scattering at energies above
the Coulomb barrier.

Hendrie et al. [32] experimentally determined the potential deformation
parameters for 238U from (a,a') experiments, which are sensitive to proton

and neutron distribution in nuclei. The values were:
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B,y = 0.20 *+0.01, 8 0" 0.06 ¥ 0.01, B, = —0.012 ¥ 0.01. The experiments

of Moss et al. [33] on (p,p') scattering gave considerably higher values:

B = 0.27 - OQOI' 340 = 0.017 - 0.030' Bm = -000150

Theoretical calculations of the deformation parameters for the ground

20

state of actinides by the Strutinsky shell correction method [34] were

carried out by Nilsson et al. [35] using the deformation potential of a
harmonic oscillator, by Garseev et al, [36], by Goetz et al, [37] and by

Pauli [ 38] using the Woods-Saxon potential. The experimental and theoretical
values of the deformation parameters for 238U and 242Pu. are given in Table 2.2.

Moreover, in the study of the neutron spectra of single-particle states

Braid et al. [ 39] obtained 820 = 0,24 % 0,01 for 2380.

Thus, the calculation results of Refs [35,37—39] agree with one another
and with the experimental data of Hendrie et al. [32] to within ~10% and also
with the results of analysis of experimental data [27] by the coupled channel
method. Therefore, the 242Pu neutron cross-sections were calculated with
the deformation parameter values of Refs [35] and [37] slightly renormalized

238y - 0.057.

on the basis of the evaluated values for 2 B, = 0.228, 340

The geometric parameters Tor' %g' Zop' 3p aie taken to be identical for
238 .4 242 o :
an U, The depths of the real and imaginary parts of the potential
were also changed slightly in accordance with the isotopic dependence ~17§i§
and ~9§i§, respectively [14]. Calculation with such a potential gives
unsatisfactory values of cross-sections and strength functions for 242Pu:
S, = 1.15x 1074, 5, = 3,0 x 1074, R' = 9,079, our evaluated value being
S, = 0.91 % 0.15 x 107,  Therefore, in evaluating 2*?pu we used the same
potential parameters as in the case of 2380. This is especially justified
o0 for 2425, and 238y itrer, as will
be seen from Table 2.2, by 0,012, which is significantly lower than the
20 for 238U, namely 0,02. PFig. 2.3 gives the
values, calculated with the above potential parameters, for total cross-

since the calculated predictions of 8
accuracy of the value of 8

section Oy compound nucleus formation cross-section ¢ and elastic
scattering c: and direct inelastic scattering<’it'4+
the 10-2-10 MeV region. Fig. 2.4 represents the differential elastic

scattering cross—section of 1.3 MeV neutrons by the 242Pu nucleus and the

cross—sections in

contribution of direct elastic scattering to this cross-section.

3« USE OF THE STATISTICAL THEORY OF NUCLEAR REACTIONS TO CALCULATE
NEUTRON CROSS-SECTIONS

The partial cross-sections for the interactioen of neutrons with the
242Pu nucleus in the 0,2-5,0 MeV region was calculated with the help of



-53 -

the Hauser-Feshbach formalism [40]. Since in the above energy region,

in the case of 242Pu, only the fission cross—-section is known experimentally
(see Section 1), the evaluation of the radiative capture oY and inelastic
scattering e cross-sections can be based only on calculations by
theoretical models. Of special importance in this connection is the
correctness of the theoretical concepts used in the calculation of the
widths of these processes, especially the question of the energy dependence
of radiative capture widths, which is closely connected with the choice of

a particular level density model of the nucleus.

In the energy region under consideration the target nucleus has both a
discrete and a continuous level spectrum. In the discrete spectrum region
the calculations used the Hauser-Feshbach formalism, as modified by Lane
and Lynn [41]. The fluctuations of neutron and fission widths were taken
into account on the assumption that their distribution follows the Porter-Thomas
law [42]. In the region of energies higher than the boundary of the dis-
crete and continuous level spectira of the target nucleus the unmodified
Hauser-Feshbach formalism is ordinarily used [40]. However, in the case of

many nuclei, including 240

Pu, the discrete levei spectrum is experimentally
not allowed to be so high that the effects of fluctuation and correlation of
widths can be neglected at its boundary, as will be seen from Figs 3.1 and
3.2, In Refs [43, 44] it has been shown that in the case of a large
number of reaction channels with comparable magnitudes of contributions a
good approximation is the modification of the Hauser-Feshbach formalism [40],
suggested by Tepel et al. [43], which takes into account the effect of
correlation of the entrance and the exit elastic channels, Our calculations

show that at small energies 242Pu cross—~sections OY' 0o, and O calculated

f nt
by the conventional formalism [41] and those by the formalism of Ref. [43]
differ considerably (Figs 3.1 and 3.2), but even at l.1 MeV the calculated
values of the cross-sections satisfactorily agree with one another.

Therefore, in the region above 1.1 MeV the formalism of Ref. [43] was used.

3.1, Calculation of neutron penetrations

For calculations by the statistical model neutron penetrations were

computed by the optical model with a spherical potential of the form

V(@) =V f@- W g+ Vo b2 (8), (3.1)
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where
=l exp(iz2)] ™

%Q‘) "*GXP(?’ Ry )/[_\-»exp(t R )]
.Mz)t(ml A e

T de
1% Y,
R«“Q‘A » s Q-‘_‘ 'L‘I.A s,

(3.2)

We took the following values of potential parameters which most satisfactorily
describe the total interaction cross—-section o, and the inelastic interaction

cross—-section onx for the 239Pu nucleus:

Wp= €,4%0 + 0,%] Tn (MeV),

o= 7.0 MeV,

re=1,287¢ , Ta=1,915¢, (3.3)
Oy= 0,486 @, Q.= 0,712 .

In the case of 242

Pu, there are practically no experimental data on
optical cross-sections, Comparison of the strength functions evaluated by
us S = (0.91 %+ 0.15) x 10 =4 ana S, = (2.5% 0.5 x 104 with the calculated
values S, = 1.007 x 10 -4 and S, = 2 885 x 10~ -4 shows that they agree within
the errors of the evaluated quantities. The calculated potential scattering
cross—-section at 1 keV o, = 11.058 b also agrees satisfactorily with the
evaluated figure of 10.5 b, The calculated cross—sections %Gr o1 9 for

242Pu in the 1 keV-5 MeV region are given in Fig. 3.3.

238

3.2. The level spectra of the 242?@, 243Pu. U and 239U nuclei for

neutron cross-section calculations

In the present work a number of calculations were performed for the
238U nucleus; therefore, apart from 242Pu and 243Pu, we consider the level
spectra of 238U and 239U. In the case of the 239U and 243Pu nuclei, we
shall confine ourselves to presenting the continuous spectrum, since con-

sideration of the y-transitions to discrete levels has little effect on oY.

The discrete level spectrum of 242Pu was chosen from the results of
Refs [45,46] since earlier studies do not provide any additional information,
The data of Refs [45,46] and the level scheme adopted are given in Table 3.1.
The table also presents the level scheme recommended in Ref. [47], which
became available after the calculations had been made. It does not differ
significantly from the scheme adopted and has no substantial effect on the

results of cross—-section calculations,
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The level scheme for the 2380 nucleus is taken from Ref. [29].

In the region of energies higher than the energy of the last allowed
level Eq pax’ the continuous level spectrum has to be used for the cal-
culation of process widths, At present, the relationship of the Fermi-

gas model is used most extensively
(I* Y2
PorltT )= Bty paexpl LAY, (3.4)

where o(u) is the total level density:

T e |
9(\1)-“'2—(15;—\1% epr- Q(U'EY] » (3- 5)
UsE+Bn,. (3.6)
- 2 <t *yNa(u-EY . (3.7)

These expressions contain only two parameters: +the basic level
density parameter 4. and correction d for even-odd differences in level

density, since the mean square of the magnetic quantum numbers < n2

> is
chosen either on the basis of the quasi-classical evaluation

(< n? > = 0.24 A 2/3) used by us or in a form which follows from averaging
m2 over the occup1od states of the shell model lying below the Fermi level
(< 2 > = 0,146 A 2 3') [48,49]. Parameter a is determined from the

observed density of neutron resonances Qobs(sn) = 1/<:D(Sn)>

obs’

In recent years the Fermi-gas model for level density calculation has
undergone substantial development, extending its range of application to a
considerable extent, On the basis of the clear correlation betwsen
parameter o and shell correction W in the mass formula of Ref, [51],
Ignatyuk et al. [50] took into account the diminution of the shell effects
in level density with rise in the excitation energy, using for tho‘pnrpose
the expression

a)=AMA+HuwdWA] , (3.8)
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where {(W) = 4-exp(-YU), T is the asymptotic value of afw) at high excitation
energies. In Ref. [52] parameter A was represented in the form of the

following dependence on mass number:

K= LA+ pAYE. (3.9)
In the present work, however, it was determined from the <D(Sn))'obs data
in order to make allowance for the individual characteristics of the nuclei.

The values of parameter y were taken from Ref. [52].

It should be noted that the effect of the energy dependence of
parameter & is most substantial for nuclei near the closed shells, In the
case of the nuclei studied in the present work, the magnitude of the shell
corrections is relatively small and the influence of this effect will be

much less,

Further development of the level density theory is associated with con-
sideration ¢f the contribution of collective motions of nucleons -
rotational and vibrational; <the need for taking them into account has been
pointed out in a number of theoretical studies [53—55]. Here the expression

for level density can be written in the form [56]
P T, M) =Kaet Kunn Par (U301, (3.10)

where gqrﬁlgnrh is determined by relation [3.4), K ¢ and Kpp are the
coefficients of increase in level density due to contributions from
rotational and vibrational motionms., In Refs [52,56—57] simple evaluations

convenient for ocalculations were obtained for Krot and KVIB:

Kt =Fii=F{u/a’, (3.12)
Kus = exp (0.25 u¥*) , (3.12)

where P, is the moment of inertia of the deformed nucleus in relation to

the axis perpendicular to the axis of symmetry.

The presence of a multiplier of sufficiently large magnitude in (3.10)
considerably reduces parameter O. in comparison with the conventional

expression (3.4).

At present, for the calculation of nuclear level densities an ever—

increasing interest is being shown in the superfluid nucleus model, which
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correctly takes into account the residual correlation-type interactions.

A simple version of this model which is convenient for calculations is
suggested in Ref,. [58]. In the superfluid model level density is written
in the form of (3.4) [59], the difference being in the determination of

02 and total density o(u), which can be represented by the expression

- exp(.s(?ili#h\ ,
P o Dt G de ™ (3.13)

. . . = A k
where B is a reciprocal of thermodynamic temperature t, dz,N 2, NB ( 2N

represents the chemical potentials for the proton and neutron components)

and Det(B,dz,dN) is the determinant from the second derivatives of entropy:

‘D,’ -D‘-l‘. Df‘"‘
Det(pdadw)= | Dy Dyu, O (3.14)

D&-,- 0 D‘-. du

According to Ref. [58] the quantities needed for determining level density

in the superfluid nucleus model can be found in the following manner:

s=tatei-f®), (319
o= 8% (it U-§W (3.1
U= $-olel-f W= L t- £, (3.17
Lo vy PO
Det= S Lef (0] Ta-470001 (3.18)

where function f(t) satisfies the equation

1) =th [ F @] . (3.19)
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Quantity t_ in (3.15)-(3.18) is the critical temperature which is related
in the given model to the correlation function of the ground state

Ao as tC = Ao/2.

Above the phase transition point tc function f(t) = 0 and it is neces-
sary to use the relations of the Fermi-gas model, where the excitation

energy is related to temperature by the expression

umatisd ang . (3.20)

It should be noted that in the given version of the model the magnitude of

energy shift Ekong and the phase transition point tc are lower than in the

approximation of a constant matrix element of paired interaction

(E_w;%'%i B:. '\ZL-_ = 0,57 Aa) This can result in a noticeable variation in

level density.

This approach is valid for even-even nuclei, However, as shown in
Ref, [60], the relations of the superfluid model are also valid for odd and

odd-odd nuclei if the excitation energy is defined in the following manner:

Do - for odd nuclei,

U= um PP (
2086 - for odd-odd nuclei

(3.21)

In the present studyJAo was determined as Ab = 12,5 A_l/z MeV [52].
Above it was assumed that the correlation functions of the ground states of

the proton and neutron components were equal Aoz =AAon = Ab'

The level density modzls considered lead to a different energy depen-
dence of level density (Fig. 3.4), and this affects the cross-section

values calculated by the statistical model,

In the present study we used a variant of the superfluid model with
allowance for collective motions. The contribution of the rotational and
vibrational motions to level density was taken into account by introducing
multipliers (3.11) and (3.12) into formula (3.4).

In calculating level density by the different models for the 242

Pu?
Pu, 238U and 239U nuclei, we used the values of parameters given in

Tables 3.2 and 3.3.

243
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3.3, Description of the fission process

In the energy region under consideration it is physically justified to

f 242Pu, the conventional concept of the single-humped

use, in the case o
fission barrier. The fission penetrations were calculated by the Bohr-

Hill-Wheeler model [65] on the assumption of a continuous spectrum of fission
transition states. The total fission penetration for state I\ of the com-

pound nucleus at excitation energy En + Sn is described by the formula

'Va’f‘(e")z S,«mp&- a2 e (€,3, dE,. (3.22)
where

2
0e(&T,M=Ce@TsD expl- %/%)- 19—*9(%‘5 (3.23)

is the density of the fission transition states in the constant temperature
model [49] at an energy exceeding the fission threshold by e. The fission
threshold VF

0.5 MeV and the curvature of all fission barriers tlun.= 0.5 MeV, The

calculated from the neutron binding energy was assumed to be

density parameters of the fission transition states were CF = 0.5, SF = 0,3,
o =5.T. With these parameters we can satisfactorily describe the fission
cross-section in the 0.2-1.1 MeV region (Fig. 3.2). Since it was not pos-
sible to achieve a good description of Op in the 0.2-5.0 MeV region by a
single set of parameters, the competition between fission and the inelastic
scattering and radiative capture processes in the 1.1-5.0 MeV region was

taken into account by representing the fission penetrations in the form
<§*VQT ‘ )
Tian = @I epl G55 1Ty (3.24)

where '1‘f was determined from normalization of the calculated fission cross-

section to that evaluated from experimental data.

242

3.4. Radiative neutron capture by the Pu_nucleus

242

For Pu experimental data on o* are available only in the region up
to 80 keV [66,67], and hence the evaluation of this cross-section has to
be based on theoretical calculations, Since calculation of this cross-
section is very sensitive to the level density model used, the question of
choice of model must be studied on nuclei whose qY has been well investi-

gated experimentally over a wide energy region, for example 238U [68,70].
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The radiative capture penetration was calculated by the cascade theory of
gamma~quantum emission [71] with consideration of the competition of the
(n,yn') and (n,yf) reactions in a manner similar to Ref. [72]. In the
case of the nucleus under consideration, the expression for radiative
capture penetration is
| P R
T a:g _ YEse QINME LIS (5 o0
e

Since the problem of'intensity of magnetic dipole transitions is at
the discussion stage, onlyelectricdipole transitions were considered.
The calculation was performed both for a spectral factor in the form pro—
posed by Weisskopf and for a spectral factor with a Lorentz energy depen-
dence generalized for deformed nuclei [49]

(et E! ©
1E..¢ '\g % _‘_2 m.ci: (e'-gq\ (G E (3.26)

with the average giant resonance parameters for actinides [49]:
Egy = 11 MeV, Egy = 14 NeV, gy = 2.9 NeV, TGy = 4.5 NeV,

The caloulated values of aY with the Lorentz factor were substantially
higher than the experimental data [73]. However, this fact does not unam-
biguously lead to the conclusion that it is preferable to use the Weisskopf
spectral factor., Since penetration depends on the level density of the
compound mucleus, it can be assumed that the disagreement with experiment
is due to the incorrectness of the level density model used, It has been
shown in Ref. [74] that consideration of the collective effects in the
level density of a nucleus substantially improves the agreement of the
experimental data on c!Y with the data caloulated using the Lorentz spectral
factor. In Ref. [74] the caloulation for 230U was made only up to 1.0 MeV
and no account was taken of the competition of the fission process. In
order to choose a model for the calculation of 0Y for the 242?11 nucleus,
we caloulated o for 238y in the 0.1-3,0 MeV region with allowance for the
oompetition of fission for the different level density models with both
t‘ypos of spectral factor. In the calculations we used the spherical
optical potential and the level scheme from Ref, [29]. The radiative cap-
ture width was normalized to the evaluated value of <T' > obs ™ 23.5 NeV
[75]. The calculation results are compared with the oxporilontl.l data in
Pig. 3.5, In the present work we did not wndertake to describe in detail
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238U, which is an independent subject of study

238U nucleus and the

the cross-section OY for
requiring consideration of the deformation of the
The errors in

uncertainty of experimental values <D> o and <PY P

bs obs*®
do not lead to any smaller magnitudes of error in the

<D > and<TD >
obs Y obs

calculated 0. Meanwhile the discrepancy in-<T'Y>Obs reaches 7% [ 76,77]

and that in<D> . _ 30% [63,76,78]. The calculations used <D> =177 eV

[63], the value of <D> . given in Ref, [76] being 20.8 eV. Calculation

shows that the difference in OY for these values of<:D>-obs is ~15%

(Fig. 3.6).

Our analysis showed that the use of the conventional Fermi-gas model
for level desnity results in a considerable difference between the calculated
cY for both the spectral factors and the experimental data (Fig. 3.5), which
cannot be attributed to the uncertainty of the potential and of the values
of~<PY:>obs and <D:>0bs. If we use level density with allowance for col-
lective motions and level density from the superfluid model of the nucleus,
the calculated cross-sections GY exhibit a much better agreement with
experiment, Consideration of the energy dependence of parameter Q. has
very little influence on calculated GY in the energy region considered, for
example at 3.0 MeV the difference is not higher than 4%. There is greater
Justification for using the spectral factor with a Lorentz dependence, as
is indicated by the results of description of radiative strength functions
[79] and the experimentally measured widths of the (n,Yf) process [72].
The calculated curve ofC!.Y for the level density from the superfluid model
of the nucleus and the Lorentz spectral factor generally shows better
agreement with experimental data than the curve calculated by the Fermi-gas
model with allowance for collective motions and the Lorentz spectral factor,
However, because of some uncertainty in the parameters of the superfluid
model variant used, especially in the phase transition energy, it cannot
be affirmed that a similar relationship between these two calculated curves
will alsc occur in the case of other nuclei. Calculations of oY(242Pu) show
(Fig. 3.7) that for 242Pu the cross-section OY calculated using the level
density from the superfluid model with consideration of collective motions is
higher than that calculated for density from the Fermi-gas model with
allowance for collective motions, It should be noted that when the level
density from the superfluid model is used, calculation for the Weisskopf
spectral factor in the region up to 1.0 MeV gives higher values of oY than
those obtained in case of the Lorentz spectral factor. The above uncer-
tainty requires further studies, Therefore, in the evaluation of GY(242Pu)

we used the results of calculations for level densities from the Fermi-gas
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model with consideration of collective motions and the Lorentz spectral
factor, The radiation widths were normalized to our evaluated value of
<:DY> obs = 22.6 MeV, The calculations of OY(242Pu) for the different level
density models are given in Fig. 3.7. It is to be noted that in the region
of energies from the boundary of the discrete and continuous level spectra
of the target nucleus (1.15 MeV) to 2.0 MeV the calculation gives somewhat
high values of oY because of underestimating the level density of the
residual nucleus in this region, The sectors of the calculated curves in
Fig, 3.7 in the 1.15-2,0 MeV region are adjusted with allowance for the

general character of the energy dependence of cY.

3.5, Inelastic neutron scattering by the 242Pu nucleus

For an experimentally known fission cross-section the basic condition
for reliability of calculations of the total inelastic scattering cross-
section is the correct value of neutron penetrations, In the case of

242

deformed nuclei of the Pu type the most correct description of neutron

penetrations is given by the coupled channel method, However, errors in
the calculations of partial cross-sections by the statistical model, which
are due to the use of the spherical optical potential, can be offset to a
considerable extent by renormalizing to the compound nucleus formation

cross—-section o, calculated by the coupled channel method.

If the calculated fission cross—section is fitted to the experimental
data, the choice of the level density model will have practically no effect
on the value of the total inelastic scattering cross-section. But the
difference in the level density of the target nucleus from the various
models leads to a change in the ratio of the scattering cross—-sections at
discrete and continuous level specira and to a change in the excitation
cross—sections for discrete levels (Fig. 3.8). Hence it follows that the
choice of the level density model can substantially affect the characteristics

of the calculated scattered neutron spectra.

4. CALCULATION OF THE (n,2n), (n,3n), (n,n'f) AND (n,2nf) GROSS-SECTIONS

The cross-sections of the (n,2n), (n,3n), (n,n'f) and (n,2nf) reactions
and the neutron spectra accompanying these reactions were calculated by the
statistical model with allowance for the possibility of pre-equilibrium
neutron emission. The model uses the experimental data for nuclei occurring
at the subsequent stages of decay of the nucleus., The method is described
in detail in Ref. [80].
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The formula for calculating the (n,2n) cross-section takes the form

BaznE) = Grd:X(““ M e X (E)A:g(s‘u\ x‘,c;) dE+

Q‘ Cw- Su& ( 4 ¢ 1)

v s.;,;g“( s"s""'- ) X, (E)d‘ig 3(..9@6‘5-

~Cup /A4 E-Daa 2, S

n'3n, On’n,f and on,2nf° Here

are the evaluated cross—-sections for

Similar formulae can be obtained for o
%n,n'x = ne= %y %nt"%Hp' “ne’ “ny
nuclei occurring at the subsequent stages of decay, oHp the cross-section
with emission of the first neutron from a nucleus not in equilibrium
3(.;'(23 the spectrum of the residual excitations of the nucleus after
the emission of the n-th neutron: case (p) ~ the first neutron is emitted
from an equilibrium nucleus, case (Hp) - the first neutron is emitted from
a nucleus which has not attained statistical equilibrium. In the case of
the 242Pu nucleus, the contribution of the pre—-equilibrium processes to
the inelastic interaction cross-section was calculated as in Ref. [80],
and was found to be 7% for the incident neutron energy of 7 MeV, 12% for

9 MeV, 16% for 12 MeV and 20% for 15 MeV.
241

Pu, 240Pu and 239Pu and all con-

stants needed for the calculations were taken from our evaluated data

The evaluated cross—-sections for

files.

Figure 4.1 gives the calculations of the (n,2n) and (n,3n) cross-
sections for 242Pu and compares them with the evaluations of Refs [14,81].

The calculation results for the (n,n'f) and (n,2nf) reactions and
the secondary neutron spectra are given in the paper dealing with the

evaluation of the angular and energy distributions of secondary neutrons

r 242?11.

5. EVALUATED CROSS-SECTIONS FOR 242

Pu IN THE 0.2-15 MeV REGION

The evaluated cross-—section op Was obtained in Section 1. As
evaluated data on the total interaction cross-section A the compounad
nucleus formation cross—section and the potential elastic scattering cross-
section, we used the coupled channel data (Section 2), which are connected
in the low-energy region (0.2 MeV) with the results of cross-section cal-
culation from strength functions evaluated by us in the region of unresolved

resonances, For evaluation of OY and o_, and the elastic scattering cross-

- n'
section through the compound nucleus we used the results of the statistical model
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calculations (Section 3) renormalized to the evaluated compound nucleus
formation cross-section and connected in the low-energy region (0.2 MeV)
with the cross—-sections calculated from strength functions in the region
of unresolved resonances, During renormalization we took into account
the change in O used in considering the competition of the fission pro-
cess, The cross—sections of direct excitation of the first two levels
were taken from the coupled channel calculations. The cross-sections for
the (n,2n) and (n,3n) processes were obtained in Section 4. In the high
energy region it is necessary to take into account the contribution of
direct and semi-direct mechanisms to Oy Since this contribution varies
little in the case of neighbouring nuclei, in order to take it into account
we used the 2380 data in the high-energy region [82-84], which agree with
the calculation by the formula proposed by Lane and Lynn [85]

G;"='\_<-—§—',(—§—Efv‘§—)§ . (5.1)

where k ~10"3 s E is expressed in MeV and o!;p in mb.

The evaluations of cross-sections Ty Oy OY’ 9%

the 0.2-15 NeV region are given in Tables 5.1 and 5.2.

' O'n’zn and °n,3n in

Cross-sections ¢ £ %n 2n and o 3n T compared with the results of
L 9
other evaluations in Section 1.4. The comparison of cross—sections

oY and O ig given in Pigs 5.1 and 5.2,



[1]

[2]
[3]
[4]
[5]

[6]
[7]
(8]

[9]
[10]

[11]

[12]

[13]
[14]
[15]

[16]
[17]
(18]
[19]
(20]

- 65 -

REFERENCES

ALKHAZOV, I.D., KASATKIN, V.P., KOSTOCHKIN, 0.I., MALKIN, L.Z.,
PETRZHAK, K.A., FOMICHEV, A.V., SHKAPOV, V,I., int: Proceedings

of the Third All-Union Conference on Neutron Physics, Kiev, parts

6 and 9, (1975) (in Russian).

KUPRIYANOV, V.M., FURSOV, B.I., MASLENNIKOV, B.K., SURIN, V.M.,
SMIRENKIN, G.N., At. Ehnerg. 46 (1979) 3.

MEADOWS, J.W., Proc, of the NEANDC /NEACRP Specialist Meeting on

Fast Fission Cross-Sections, held at ANL, June 28-30 (1976).

BEHRENS, J.W., NEWBURY, R.S., MANAGA, J.W., Nucl. Sci. Eng., 66

(1978) 433.

AUCHAMPAUGH, G.F., FARRELL, J.A., BERGEN, D.W., Nucl. Phys., AlT71
(1971) 31.

BERGEN, D.W., FULLWOOD, R.R., Nucl. Phys., A163 (1971) 577.
FOMUSHKIN, Eh.F., GUTNIKOVA, E.K., Yad. Fiz. 10 (1969) 917.

FOMUSHKIN, Eh.F., GUINIKOVA, E.K., ZAMYATNIN, Yu.S5., MASLENNIKOV, B.K.,
BELOV, V.N., SURIN, V.M., NASYROV, F., PASHKIN, N.F., Yad., Fiz. 5
(1967) 966.

BUTLER, D.X., Phys. Rev., 117 (1960) 1305,

KON'*SHIN, V.A., SUKHOVITSKI1J, E,Sh., ZHARKOV, V,F., Determination of
errors in evaluated data allowing for correlations and the evaluation
of of(235U), a(235U), a(239Pu) and of(239PuO for BOYaD-3. Report,
Institute of Heat and Mass Exchange, Byelorussian SSR Academy of
Sciences (1978) (in Russian).,

KNITTER, M.H., PAULSER, A., LISKIEN, H., ISLAM, M.M., Atomkern-
energie, 22 (1973) 84.

BATENKOV, O.I,, BLINOV, M,V,, VITENKO, V.A., KRISYUK, I.T., TUZ, V.T.,
int Proceedings of the Third All-Union Conference on Neutron Physics,
Kiev, part 5 (1975) 114 (in Russian).

CANER, M., YIFTAH, S., IA-1275 (1973).

LAGRANCE, Ch., JARY, J., NEANDC(E)198"L", INDC(FR)30/L (1978).

BOHR, A., MOTTELSON, B., Kgl. Danske Vidensk, Selsk,, Mat,-Fys, Medd.,
27 (1953) 16,

TAMURA, T., Rev. of Mod. Phys., 37 (1965) 679.

BASSEL, R.H., SATCHIER et al., Phys. Rev., 110 (1958) 1080.

MARGLOLIS, B., TROUEETZKOY, E.S., Phys. Rev., 106 (1957) 105.

CHASE, D.M., WILETS, L., EDMONDS, A.R., Phys. Rev., 110 (1958) 1080.
YOSHIDA, S., Proc. Phys. Soc. (London), A69 (1956) 668,



- 66 -

[21] BUCK, B., Phys. Rev., 130 (1963) T12.

[22] LAGRANGE, Ch., Proc. of the EANDC Topical Discussion on "Critique
of Nuclear Models and Their Validity in the Evaluation of Nuclear
Data", (1975) 58.

[23] KIKUCHI, Ya., Proc, of a Panel on Neutron Nuclear Data Evaluation,
Vienna, (1971) 305.

[24] IGNATYUK, A.V,., LUNEV, V.P., SHORIN, V.S., in: Problems of Atomic
Science and Technology, Ser. "Nuclear Constants", No. 13 (1974) 59
(in Russian).

[25] DzYUBA, B.M., MARSHALXIN, V.E., POVYSHEV, V.M., TYAPIN, A.S., in:
Problems of Atomic Science and Technology, Ser. "Nuclear Constants"”,
No. 23 (1976) 147 (in Russian).

[26] DELAROCHE, J.P., LAGRANGE, Ch., SALVY, J., Nuclear Theory in
Neutron Nuclear Data Evaluation, IAEA-190 1 (1976) 251.

(27] HAOUAT, G., LACHKAR, J., LAGRANGE, Ch., PATIN, Y., SIGAUD, J.,
SHAMU, R.E., NEANDC (E)-196 "L", INDC (FR)-29/L, (1978).

[28] HAOUAT, G., SICAUD, J., LACHKAR, J., LAGRANGE, Ch., DUCHEMIN, B.,
PATIN, Y., NEANDC (E) 180"L", INDC (FR)-13/L, (1978).

[29] LAMBROPOULOS, P., Nucl. Sci. Eng., 46 (1971) 356.

[30] BEEMIS, C.E., Jr., McGOWAN, F,K., FORD, J.L.C., Jr., MILNER, W.T.,
STELSON, P.H. and ROBINSON, R.L., Phys. Rev., C8, (1973) 1466,

[(31] COOPER T. et al. Phys. Rev., 13, (1976) 1083.

[32] HENDRIE, D.L., et al., Phys. Rev. Let., 30 (1973) 571.

[33] MOSS, J.M., et al., Phys. Rev, Let., 26 (1971) 1488,

[34] STRUTINSKY, V.M., "Shells" in Deformed Nuclei, Nucl, Phys. Al22
(1968).

[35] NILSSON, S.G., TSANG, C.P. et al., Nucl. Phys., A131 (1969) 1.

(36] GAREEV, F.A,, IVANOVA, S.P., PASHKEVICH, V,V., Yad. Piz. 11 (1970)
1200.

[37] G©oETZ, U., PAULI, H.C., et al., Nucl. Phys., A192 (1972) 1.

[38] PAULI, H.C., Phys. Rev., 7C (1973) 35.

(39] BRAID, T.H., et al., Phys. Rev., (1970) 1C, 275; 4 (1971) 247.

[40] HAUSER, W., FESHBACH, H., Phys. Rev,, 87 (1952) 366.

[41] LANE, A.M., LYNN, J.E., Proc. Phys. Soc., ATO (1957) 557.

[42] PORTER, C.E., THOMAS R.G., Phys. Rev., 104 (1956) 483.

(43] TEPEL, J.W., HOPMANN, H.M., WEIDENMULLER, H.,A., Phys. Lett., 49B
(1974) 1.

[44] MOLDAUER, P.A., Phys. Rev., Cl4 (1976) 764.

(45] MAHER, J.V., ERSKINE, J.R., FRIEDMAN, A.M., SIEMSSEN, R.H.,
SCHIFFER, J.P., Phys. Rev., C5 (1972) 1380.



[46]
[47]
(48]

[49]
[50]

[51]
[52]
[53]
[54]
[55]

[56]

[57]
[58]
[59]
[60]
[61]
[62]

[63]
[64]

[65]
[66]

[67]
[68]

- 67 -

ELZE, Th.W., HUIZENGA, J.R., Nucl. Phys., A187 (1972) 545.
Evaluation from Nuclear Data Sheets (1977).

MALYSHEV, A,V., Level Density and Structure of Atomic Nuclei,
Atomizdat, Moscow (1969) (in Russian).

LYNN, J.E., AERE-R7468 (1974).

IGNATYUK, A.V,., SMIRENKIN, G.N., TISHIN, A.S., Yad, Fiz. 23 (1975)
485.

MYERS, W.D., SWIATECKI, W.S., Ark. Fysik, 36 (1967) 593.

IGNATYUK, A.V., ISTEKOV, K.K., SMIRENKIN, G.N., in: Proceedings

of the Fourth All-Union Conference on Neutron Physics, Kiev, part 1
(1977) 60 (in Russian).

SOLOVIEV, V.G., MALOV, L.A., Nucl. Phys., A196 (1972) 433.
BJORNHOLM, S., BOHR, A., MOTTELSON, B., Physics and Chemistry of
Fission, IAEA, Vienna (1974) 1 367.

MALOV, L.A., SOLOVIEV, V.G., VORONOV, V,V., Nucl. Phys., A224 (1974)
396.

BLOKHIN, A.I., IGNATYUK, A.V., SOKOLOV, Yu.V., in: Proceedings of
the Third All-Union Conference on Neutron Physics, Kiev, part 3
(1975) 8 (in Russian).

IGNATYUK, A.V., Nuclear Theory in Neutron Nuclear Data Evaluation,
IAEA, Vienna (1976) 1 211.

IGNATYUK, A.V., SHUBIN, Yu.N., Izv. Akad. Nauk SSSR, Ser. Fiz. 37 (1973)
1947.

IGNATYUK, A.V., SOKOLOV, Yu.V., SHUBIN, Yu.N., Yad., Fiz. 18 (1973) 989.
IGNATYUK, A.V,, SOKOLOV, Yu.V., in: Proceedings of the Second All-
Union Conference on Neutron Physics, Kiev, part 2 (1976) 32 (in
Russian).

GILBERT, A., CAMERON, A.G.W., Can. J. Phys., 43 (1965) 1446.
KRAVTSOV, V.A.,, Atomic Masses and Binding Energies of Nuclei,
Atomizdat, Moscow (1974) (in Russian).

MUGHABGHAB, S.F., GARBER, D.I., BNL-325, 3 ed (1973).

ANTSIPOV, G.V., KON'SHIN, V.A.,, MOROGOVSKIJ, G.B.,, SUKHOVITSKIJ, E,.Sh.,
in: Nuclear Constants No. 25 (1977) 32 (in Russian).

HILL, D.L., WHEELER, J.A., Phys. Rev., 89 (1953) 1102.

HOCKENBURY, R.W., SANISLO, A.J., KANSHAL, N.N., Proc. Conf. on
Neutron Cross-Section and Technology, Washington, 2 (1975) 584.
WISSHAK, K., KAPPELER, F., Nucl. Sci. Eng., 66 (1978) 363.

YOENITZ, W.P., Nucl. Sci. Eng., 57 (1975) 300.



[69]

[70]
[71]

[72]

[73]
[74]
[75]
[76]
[77]
[78]

[79]
[80]

[81]
[82]

[83]

[84]
[85]

- 68 -

LINDNER, M., NAGLE, R.J., LANDRUM, H.J., Nucl. Sci. Eng., 59

(1976) 381,

HANNA, R.C., and ROSE, B., J. Nucl, En., 8 (1959) 197.

BLATT, J., WEISSKOPF, V,, Theoretical Nuclear Physics, Foreign
Languages Publishing House, Moscow (1954) (Russian translation).
SUKHOVITSK1J, E.Sh., KLEPATSKIJ, A.B., KON'SHIN, V,A,, ANTSIPOV, G.V.,
in: Proceedings of the Fourth All-Union Conference on Neutron
Physics, Moscow, part 4 (1977) 68 (in Russian).

FRICKE, M.P., et al., Nuclear Data for Reactors, IAEA, Vienna 2
(1970) 265.

BLOKHIN, A.I., IGNATYUK, A.V., PLATONOV, V.P., TOLSTIKOV, V.A.,
Preprint FEhI-655 (in Russian),

USA Nuclear Data Library ENDF/B-IV,

RAHN, et al., Phys, Rev., 6 (1972) 1854,

ROSEN, J., DESJARDINS, J.S., RAINWATER, J., HAVENS, W.W., Phys. Rev.,
118 (1960) 687,

DE SAUSSURE, G,, OLSEN, D.K., PAREZ, R.B., DIFILIPPO, F.C.,
ORNL/TM-6152 (ENDF-257) (1978).

BARTHOLOMEW, et al., Advance Nuclear Physics 7 (1974) 232,

KON'SHIN, V.A,, ANTSIPOV, G.,V,, SUKHOVITSKIJ, E.Sh., BAKHANOVICH, L.A.,
KLEPATSKIJ, A.B., MOROGOVSKIJ, G.B.,, PORODZINSKIJ, Yu.V., Evaluation
of 241Pu nuclear data in the 10-3 eV-15 MeV neutron energy region.
Preprint, Institute of Heat and Mass Exchange, Byelorussian SSR
Academy of Sciences, part 5 (1979) (in Russian).

BAXMAN, C.I., YOUNG, P.G., LA - 7482 - PR (1978).

PERKIN, J.L., O'CONNOR, L.P., COLEMAN, R.F., Proc. Phys. Soc., 72
(1958) 505.

BARRY, J.F., BUNCE, J., WHITE, P.H., J. Nucl. Energy, A/B18 (1964)
48,

PANITKIN, Yu.G., SHERMAN, L.E., At. Ehnerg. 39 (1975) 17.

LANE, A.M., LYNN, J.E., Nucl. Phys., 11 (1959) 646,



- 69 -

Table 1,1

Evaluated values of &5y (?‘I‘ZPU_), Sy (2j5U ) and

&, (2"euy/ sy (70 in the 0.1-15 MeV region
T T 1 s
. f B
Tw , eV { G§ (2“(3%) b i &5 (23) v )' b {G‘(Q'QN)/S&(ZBS‘\))
— 7 + 7 ! T

0,10 0,070 1,555 0,006
0,12 0,012 1,502 0,005
0,14 0,014 1,478 0,009
0,16 0,017 T,438 0,01

0,15 0,020 1,375 0,014
0,20 0,023 1,766 0,017
0,22 0,027 1,3% ¢,020
0,24 0,033 1,711 0,025
0,26 0,038 1,289 0,029
0,23 0, 0hh 1,270 6,035
0,30 0,053 1,250 0,02
0,32 0,061 1,093 0,019
0,% 0,072 1,221 0,059
0,36 0,000 1,215 0,066
0,30 0,091 1,214 0,075
0,40 0,102 1,712 0,08
0,42 0,116 1,205 0,09
0,44 0,130 1,19 0,109
0,16 0,153 1,186 0,129
0,18 0,179 1,176 0,152
0,50 0,206 1,166 0,177
0,5 0,277 1,146 0,242
0,00 0,359 1,128 0,313
2,65 0,451 1,113 0,405
a,70 0,555 1,1C5 0,502
e 0,667 1,104 0,604
0,80 0,870 1,117 0,716
0,85 0,972 1,144 0,850
0,90 1,122 1,180 0,951
0,95 1,239 1,208 1,029
7,00 - 1,335 1,215 1,099

1,10 I,u52 1,220 " I,190
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Table 1.1 continued

T - 2 ! 3 \ 3
1,20 _ T, 7 1,226 1,160
1,40 1,303 1,279 1,116
1,60 1,388 1,258 1,107
1,70 1,424 1,276 1,016
2,00 1,448 1,28 1,128
2,20 1,415 1,275 1,110
2,40 1,481 1,259 1,007
2,60 1,390 1,239 1,I%4
2,80 1,385 1,222 1,133
3,00 1,378 1,205 1,144
3,20 1,%8 - 1,193 1,147
3,40 1,356 1,18 1,147
3,60 1,343 1,171 1,147
7,00 1,329 1,159 I,147
4,00 1,304 1,147 1,146
5,50 1,275 1,117 1,111
5,00 1,239 1,007 1,139
5,50 1,251 1,052 1,189
6,00 1,446 1,139 1,270
6,50 1,750 1,38 1,263
7,00 1,93 1,600 1,209
7,50 2,037 1,755 1,161
8,00 2,00 1,80 1,151
8,50 2,112 1,600 1,158
9,00 2,106 1,812 - 1,162
9,50 2,087 1,000 1,159
10,00 2,068 1,77 , 1,156
10,50 2,0m 1,776 1,151
11,00 2,022 1,770 1,162
11,50 2,002 1,759 1,139
12,00 1,985 1,766 1,123
13,00 2,025 1,922 1,05
14,00 2,134 2,071 1,030
15,00 2,163 2,108 1,026
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Table 1.2

Evaluated uncertainties in the values of
&, (") /6,(27U) and G (P42Pu)

! 242 o .
1 G, Pu In &S, (242 p
E, ¥eV; b ——Lim——) & Gy ( ), %
’ I Sy (#9°U) .%{ i
O.I 6.0 607
0,5 4,7 5,6
I-7 3,0 4,3
9 3.5 4,6
1I 4,0 5,0
13 4,5 : 5,4
15 5,0 5,8
Table 2.1

Comparison of theoretical data and data evaluated from
238
U

experiments on So’ Sl’ R!' for

! T 1
/2100
Obtained by ‘ %., ]o'q(ev)"I/?-l’ S“'.- IO"'(ev) I/diQ' ®
Evaluation 1,0 + 0,1 1,9 + 0,30 9.4 £ 0.3

Calculation 1,06 2,16 9,23
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Table 2 . 2
Values of deformation parameters for 238U and 242Pu
Nilsson's Goetz's Experiment
Nucleus calculation [35] calculation [37] of Ref. [32]
850 840 820 840 820 840
238U 0.222 0,065 0.228 0.063 0.20%0.01 0.06%0.01
242Pu 0.234 0.055 0.240 0,048 - -
Experiment of Calculation by Used in the
Nucleus Ref. [33] the coupled chan- present
320 340 nel method evaluation
238U 0.27+0.01 0.017 0.216%0.02 0.216

242,
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Table 3.1
Discrete level spectrum of the 242Pu. nucleus
Maher et al, [45] | Elze et al. [46] [47] Present work
Eq ey 1N [E€q,ev] TN {Eq key) TN {Eqpkev | 11)
0 0+ 0 0+ 0 0+ 0 0+
45 2+ 46 2+ Ly S 2+ Lg 2+
146 bs 148 he 47,2 44 148 4+
308 6+ 305,9 6+ 300 O+
519 B+ 517,6 B+ 519 9+
778,7 10+
781 I-  780,3 (I-) 78I I~
633 3. 81,3 3= 833 3-
865 865 865 / I-/
R7 o) R7 (59 R7 S~
956 O+ 95 0+) 9% 0+
985,6
995 (2¢) 9% 995 (2+) 99 (2+)
1020 3= 1019,4 3~ 1020 3=
1039,6
1064 ,0 =)
1006 ,7 12+
1107 1102 (+) 1102 (2+) 1102 (2+)
1122 (5=) 1122 (5«) 1122 (5-)
11%2,2 “(2e)
1204 1204
1259 1259
1501 I501
I6I3 1613
1638 , 1€38
1650 (3-) 1650
1683 1663
1701 1701
i744,9
1776 776
1825 1825
1826,5  74+,5+)
2092,2
2437,5
Table 3,2

Values of <D? obs.! S, and level density parameters

for 242Pu, 243Pu, 238U and 239U

4 1 R | 1
Compound '<D) ev | Sw Mev! 8 Mev! SV\_ MeV
nucleus ! obs ' ! ! ! ! ! !

! . | [511 ) [61] ' [62]
238y 2,5/49/ + -1,39 . I,I2 6,143
eV 11,7/63/ - 1,35 0,69 u 001
22 Pw 1o Jey / -1,8 1,11 6,301
3P w23 -1,9 0,61 5,007
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Table 3.

3

Values of parameter @ for the various level density models

Model 238y | 239y | 242p, | 243p,
1 2 3 4 5

Fermi-gas 31.09 33.26 29,13 31.81
Fermi-gas with consideration of

dependence @ (u)* 33.28 35.59 31.83 35.00
Fermi-gas with consideration of

collective modes 19,10 20.07 17.74 19.25
Fermi-gas with consideration of

dependence a(u) and collective

modes* 20,35 21.37 19,26 21,04
Superfluid model with considera-

tion of collective modes 21,63 21,10 19,20 20.05

j/ In the case of level density models with consideration of
dependence o(u), the asymptotic value of & is given.



Evaluated data on
the 0.2-15,0 MeV region

Table 5.1

242

Pu cross—sections in

T { T r
E, leV| Seb! Snub| Ggd| b Suan® Bnzn b
T 7 T 5 3 7
0,20 11,751 10,51  0,I86 0,981
0,22 I1,5%8 10,286  0,I79 1,016
0,4 1I,271 10,018 0,172 I,m8
0,26 II,019 9,736 0,166 1,079
0,20 10,772 9,49 0,160 1,099
0,30 10,523  9,1%  0,I% I,IIS
0,32 10,25% 8,97 0,15 1,138
0,3 9,992 8,612 0,151 I,I57
0,36 9,7 8343  0,I%0 I,I%
0,38 9,520 8,088 0,I49 1,19
040 9,281 7,818 0,lu9 1,212
o042 9,092 7,598 0,149 1,229
o4 8,921 7,997 0,149 1,245
o6  B,745 7,186 0,149 1,257
o048  B,589  6,9% 0,149 1,267
0,5 845 6,819 0,149 1,279
0,5 8,195 6,467 0,149 1,302
0,60 7,95 6,132 0,149 1,316
0,65 7,773  5,8%2  0,u8 I,322
0,70 7,621 5,590 0,147 1,321
0,75 7475 5,304 0,140 1,364
0,80 7,99 5,029 0,3 1,378
n,85 7,227 4,763 0,123 1,369
0,0 7,046 4,545 0,012 1,367
0,95  7.067  4,3% 0,105 1,39
1,00 7,00 4,087 0,10 1,380
1,10 6,8% 3,810 0,092 1,840
1,20 6,813 3,758 0,086 1,522
1,40 6,789 3,610 0,080 1,716
1,60 6,837 INT3 0,076 1,900
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Table 5.1 continued

[ {2 E) 1 4 ¥ 5 1 6 1
- 1,M 6,60 INB 0,070 2,031

2,00 - 7,12 3,512 0,061 2,131

2,20 7,331 3,604 0,051 2,201

2,40 - TM475 3,802 0,040 2,252-

2,60 7,509 3,931 0,030 2,248

2,m0 7,665 n,0n6 0,021 2,212

3,00 7,713 4,111 0,016 2,178

3,20 7,740 4,214 0,03 2,145

3,10 7,764 4,293 0,0IT 2,14

3,60 7,768 4,324 0,009 2,0

3,50 7,757 4,339 0,28 2,001

4,m 7,745 ii,354 0,007 2,070

4,50 7,646 4,315 n,006 2,009

5,00 7,465 4,129 0,005 2,028

5,50 7,179 3,929 0,005 1,9

6,00 6,952 3,724 0,005 1,777 0,0

6,5 6,78 . 3,536 0,005 1,155 0,00

7,00 6,55 3,35 0,005 1,226 0,035

7,50 6,391 2,216 0,005 0,988 0,145

8,00 6,232 3,071 0.0 0,668 " 0,395

2,50 6,078 - 2,93 0,004  0,uh3 0,587

9,00 5,947 2,813 0,0m 0,369 0,6%.

9,50 5,835 - 2,711 0,004 0,348 0,685

10,00 5,723 2,607 6,00 0,323° 0,720

10,50. 5,676 2,568 0,004 0,317 0,743

11,00 5,650 2,593 0,06 0,313 0,758

11,50 5,645 2,572 0.0 0,309 0,765 0,0
12,00 5,649 2,592 0,600 0,302 . 0,765 0,001
13,70 5,677 2,675 0,004, 0,289 0,54 0,170
4,00 5,725 2,763 0,0 0,288 0,25 0,28
(5,0 . 5,77 2,85 0,04 0,238 0,172 0,323




Table 5.2

Discrete level excitation cross—-sections for 242Pu
BNV &2 gl '?4'0\'}65013 \‘ra :o.ms 10,519 ;o.7m 0,83 lo,665 10,927 10,95 ;o.o;) :I.O:.O { [,1o2 ! 1,122 !5
| Ouee!Oninp| MoV | MeV | MeV | MeV ! MeV | MeV | MeV |Mev | MeV !Mev lmev | Mev ! mev [Ovowe
T T2 Tr—3 v L 1 &5 1 5 Yt 7 v Q8Q v © 1T 10 LISER S SR D V- S & SRS A LT A N A F- R A Vi
0,10 0 0,598
0,1z 0,005 0,0. 0,704
o,ls 0,013 00 0,792
0,16 0,021 0,0 c,052 0
0,18 0,026 0,0 - 0,203 0,003
0,20 0,032 0,0 0,%I 0,000
0,22 ©,034 0,0 0,%9 0,0I3
0,24 0,2 0,0 0,988 0,018
0,26 0,48 0,0 1,007 0,024
0,286 0,055 0,0 1,013 0,031
(0,30 0,062 0,0 1,017 0,039
0,32 0,068 0,001 1,022 0,07
0, % 0,075 0,002 1,024 0,056
0,3% 0,081 0,00  I,006 0,064
0,38 0,087 0,003 1,78 0,0™
040 0,095 0,004 1,028 0,085
o42 0,002 0,005 1,028 0,09
o,y 0,107 0,006 1,028 O0,In
o6 0,112 0,007 I,04 0,II4
048 ©,II7 0,006 1,018 C,J4 0
0,50 0,122 0,0II I,012 0,733 0,00l
0,55 ©,I35 0,0I5 0,9% 0,I57 0,001
n,60 0,148 0,021 0,97 0,178 0,602
0,5 0,160 9,027 0,96 0,1% 0,003
AT 0,172 0,035 0,899 0,211 0,004 |
0,75 0,123 0,039 0,808 0,220 0,006 0,078
0,8 0,192 0,0m4 0,772 0,223 0,007 0,150 ©
0,8 0,207 0,052 0,77 0,217 0,009 0,169 0,012 g
0,% 0,212 0,658 0,619 0,207 0,010 0,177 0,037 0,M7
0,95 0.222 0,063 .n,5%1 0,201 0,011 0,177 0,054 0,000 0O
1,00 0235 0,069 053 0,I%6 ©,012 c,172 0,065 0,093 0,00l 0,017 0,002

I,In 0,2%. 0,001 0,123 0,78 0,015 nI%% 0,076 0,ITI 0,n 0,MmI 0,004 o,@s 0 0 0

_LL_



Table 5.2 continued

1 P 3 b V5 1 6- 7', 8 9 10 11 I2 13 I _VJI5 ' 16 1 17

1,20 0,272 0,090 0,370 0,I7T  0,0IT’ 0,746 0,001 0,[I2 0,007 O,H9 0,04 0,62 0,44 0,00 0,02
1,40 0,303 0,105 0,2 0,In6 0,023 © 0,120 0,06 0,105 0,013 0,050 0,117 0,06I 0,000 0,006 0,209
1,60 0,3% 0,122 0,207 0,120 0,026 0,001 0,0m 0,083 0,089 0,008 0,3 0,109 0,064 0,0% 0,01 0,485
1,0 0,357 0,133 0,47 o0,0m- 0,024 0,000 0,067 0,068 0,067 0,018 0,02 0,082 0,05 0,079 0,013 O0,7%
2,00 0,375 0,81 0,097 0,067 0,007 0,00 O0,m6 O,m5 o,m2 0,015 0,020 0,057 0,038 0,053 0,011 7I,I106
2,20 0,3% 0,7 0,06 o,mn 0,03 0,000 0,030 0,032 o, 06,012 o004 0,00 0,027 0,038 0,009 I,3I9
2,00 0,390 0O,m$ 0,037 0,028 0,009 0,001 0,019 0,021 o,018 0,009 0,009 0,026 0,019 0,024 6,007 TI,u8
2,60 €,392 0,150 0,022 0,017 0,006 0,00 0,01 0,03 o, ©06 0,005 0,016 0,012 0,0I5 0,005 TI,56
2,50 0,388 0,749 0,012 0,010 0,0 O 0,007 0,008 0,006 0,0 0,003 0,010 0,007 0,009 0,003 I,593
3,00 0,38 0,147 0,007 0,006 0,002 o,0m 0,005 o, 0,003 0,02 0,006 0,005 0,005 0,002 1,57
3,20 0,379 0,195 0,004 0,004 0,001 0,002 0,003 o,000 0,002 o0,00I 0,003 0,003 0,03 0,002 1,51
3,40 0,373 0,182 0,002 0,002 0,00I 0,001 0,002 o0,001 0,00I 0,001 0,002 - 0,0 0,002 C,C0I 1,571
1,60 0,367 0,110 0,00 0,00 0,00 0,001 o,00t o,0r 0,001 O 0,00 0,001 0,00f 0,001 1I,57
3,0 0,%0 0,137 0,00 0,00I O 0,00I 0,001 o,001 0,00I 0,00 0,00 0,1 0 1,575
4,00 0,33 0,135 0,001 0,00l 0 0,00T © 0 0 0 0 1,579
4.50 0,333 0,128 0 0 0 1,583
5,00 0,725 0,123 1,5%
5,% 0,312 0,115 1,%7
6,0 0,300 0,705 1,372
6,5 0,280 0,190 1,066
7,00 0,28 0,005 0,M9
7,5 0,267 0,085 0,636
8,7 0,258 0,000 0,330
8,50 0,250 0,073 0,120
9,00 0,243 0,068 0,057
9,5 0,237 0,064 0,017
10,00 0,231 0,062 0,035
10,50 0,230 0,060 0,027
1,00 0,228 0,059 0,026
11,50 0,226 C,058 0,025
12,00 0,225 0,057 0,020
17,00 0,227 0,055 0,007
4,00 0,232 €,053 0,003

15, 9,237 0,051 )

_gL_
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Fig. 1.1. Experimental and evaluated data on of( Q'Pu) in the

Q6 07  EMev

0.1-0.8 MeV region: -evaluated data, DO -Kupriyanov et al.

[2]; V -Meadows [3], + —-Behrens et al. [4],

® —Auchampaugh et al. [5], x —Bergen et al. [6]
& _Fomushkin and Gutnikova [7], o -Butler [9]
® -Fomushkin et al.[8], @ -Alkhazov et al. [1],
® -renormalized data of Behrens et al. [4].
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(47,} 1 1 L L 1
08 ) 10 11 12. 13 [,MeV

Fig, 1.2, Experimental and evaluated data on af(242Pu) in

the 0,8-1.4 MeV region (notations as in Fig. 1l.1).
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Fig. 1.3, Experimental and evaluated data on Gf(242Pu) in the 1-10 MeV

region (notations as in Fig. 1l.1).
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Fig. 1.4. Experimental and evaluated data on Gf(242Pu) in the
8-15 MeV region (notations as in Fig. 1l.1).
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Fig., 2.1, Comparison of calculated and experi- Fig. 2.2,

mental (§ ) data on angular distri-
butions of 2.5 MeV neutrons scattered
at levels @- o*, b - 2%, ¢ - 4*% of
the main rotational band of the 38y
nucleus: -present work;

- — = —calculation by the spherical
potential of Lambropoulos [29]

5 96 1% gcm

Comparison of calculated
and experimental data on
angular distributions of
3.4 MeV neutrons scattered
by the 2 nucleus (for
notations see Fig. 2.1).

1 T Til i LI l LR

001 01 i

EMev

Fig. 2+.3. Cross-sections of interaction of

neutrons with the 24

2Py nucleus in

the 0,01-15 MeV region caleulated

by the coupled channel method.
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Fig, 2.,4. Angular distribution of 1.3 MeV neutrons elastically
scattered by the 242
scattering; (2) direct part of elastic scattering.

Pu nucleus: (1) total elastic

008
Sab
18
14

10

06 Ll 1 L L

1 : - L L
02 ok 06 0B EnMeV 0 Q2 04 06 08 0 EnNeV

. . 242
Fig. 3.1, Cross-sections Oy Ov Tneo a.ndcc for Pu

calculated by various formalisms: - * — —calculation
with the S factor; - - - —calculation without the
S factor; —— -Tepel et al.
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Fig, 3.2. Comparison of cross-section o, calculated

f
by various formalisms with experimental data:
- ¢ = =calculation with the S factor;

« = = =calculation without the S factor;

wwe——e =Tepel et al.
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Fig. 3.3. Optical cross—sections of Pu: (1) total
inter—-action cross-section Ty (2) potential
scattering cross-section o_; (3) compound
nucleus formation cross-section oc.
I wiu)
50
10
5
- /‘
L
.~
V
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1 1 L 10 U, HeV
. . 242P .
Fig., 3.4, Density of the states of u: ~Fermi-gas

model; - - - -Fermi-gas model with consideration
of the contribution of collective motions;
- ¢ = —superfluid model with consideration of the

contribution of collective motions.
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Fig. 3.5 Comparison of OY for

238U calculated by

the various level density models with
experimental data: (1) Fermi-gas model,
Lorentz factor; (2) Fermi-gas model,
Weisskopf factor; (3) Fermi-gas model
with consideration of collective motions,
Lorentz factor; (4) superfluid model,
Weisskopf factor; (5) Fermi-gas model
with consideration of collective motions,
Weisskopf factor; (6) superfluid model,

Lorentz factor.
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Fig. 3.6. 2385 calculated for

Comparison of oY for
level densities from the Fermi-gas model
with consideration of collective motions
and the Lorentz spectral factor for dif-
ferent values of-<D_>obs with experimental
data: (1) <D>, . = 1T.7 eV [63];

(2) 20.8 ev [76], (3) 24.8 ev; (4) 24.8 eV,

deformed potential.
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Fig, 3.7. Comparison of calculated values of oY( Pu)
for the various level density models (for

notations see Fig. 3.5).
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Fig. 3.8, The ratio between the neutron inelastic
scattering cross—-sections at the discrete
and continuous level spectra of 242Pu for
the various level density models: (1) total
inelastic scattering cross—section;

(2) scattering cross-section at the con-
tinuous spectrum for the level density from
the Fermi-gas model with consideration of
collective motions; (3) scattering cross—
section at the discrete spectrum for the
same level density; (4) scattering cross-
section at the continuous spectrum for the
level density from the Fermi-gas model;

(5) scattering cross-section at the discrete

spectrum for the same level density,
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Fig. 4.1. Comparison of the various evaluations of
the (n,2n) and (n,3n) reaction cross-
sections: (1) Ref. [14]; (2) Ref. [81];
(3) present evaluation; (4) ENDF/B-4.
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UDC 539.173.4

EVALUATION OF NEUTRON CROSS-SECTIONS FOR 2%%pu IN THE

0.2-15,0 MeV REGION ON THE BASIS OF EXPERIMENTAL DATA
AND THEORETICAL MODELS

G.V. Antsipov, L.A. Bakhanovich, A.R. Benderski j,
V.A, Zenevich, A.B, Klepatskij, V.A. Kon'shin,
E.Sh, Sukhovitskij, in: Evaluation of 242Pu Nuclear
Data in the 107 eV - 15 MeV Neutron Energy Region,
A.V. Lykov Institute of Heat and Mass Exchange
(I™0), Byelorussian SSR Academy of Sciences, Minsk
(1979) 53-111

242

The authors have analysed the experimental data on the Pu

fission cross-section in the 0.2-15 MeV region. For lack of
experimental data the other types of cross-sections have been cal-
culated by various theoretical models., Cross-sections 9er s

O.y O and o of 242Pu in the 0,2-15 MeV region have

y' “n"’ cn,2n n,3n
been evaluated on the basis of experimental data and calculation.
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EVALUATION OF THE CHARACTERISTICS OF SECONDARY NEUTRONS AND GAMMA
RAYS IN THE INTERACTION BETWEEN NEUTRONS AND THE 242pu NUCLEUS

V.A. Zenevich, A.B. Klepatskij, A.K. Krasin, V.M. Maslov
and Yu.V. Porodzinskij

In the present study we have evaluated the following characteristics of
secondary neutrons and gamma rays for the 242Pu nucleus: the average number
of secondary neutrons per fission event, the fission neutron spectrum, the
angular and energy distributions of secondary neutrons from the (n,n), (n,n'),
(n,2n), (n,3n), (n,n'f) and (n,2nf) reactions and the energy spectrum of
secondary gamma rays. Because of the total lack of experimental data the
evaluation had to be performed by using calculations based on theoretical
models (generalized optical, statistical and pre-equilibrium~decay models)
and on the results of the systematics for other better-known nuclei. As
a specific case of the use of the evaluation results for all 242Pu nuclear
data we have in this study derived and presented the group constants of
242Pu in the standard 26-group representation. In addition, the evaluated
nuclear data for 242Pu were recorded on magnetic tape in the ENDF/B format

and are presented in the form of a print-out.
1. ENERGY DEPENDENCE OF  2*%Pu)

There are no experimental data on ;p( 242?11). In our evaluation we
therefore proceed from the systematics proposed by Howerton [1] in which
the dependence of Gp on atomic number, mass number and neutron energy is
represented in the form of a Taylor expansion of the function of three
variables close to some particular values, where the value of the function
is well-known from experiment. Cutting off the expansion after three
first—-order terms and the cross term containing the product of mass by

energy, he obtained the expression
YAzE)=2233+ 0062 -0 A 2.
+ 0,45 (2-02) + 0.02(A-035) + |

*+Loaz+o.008(n-225)) (E-E,) , (1.1)
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in wnich the constants were determined from experimental data., Here Ef i

the fission threshold energy.

In the case where fission is preceded by the emission of one or more

neutrons, expression (1.1) takes a more general form:

V(02 =) Rafrr T foe, D)+ 0, 0n, 2) (B - B (3, D)+
o Et(k-niz)"YLE-'(VL)“E,QQ‘\‘\'\.,?‘_)-_\\ . (1.2)

where M is the number of posesible fission modes, EB(A,Z) the 1total hinding
energy »f a nucleus of charge 2 and mass A, Ef(A-n,Z) the fission barrier o
a nucleus of charge Z and mass {A-n) and ET(n) the average energy of pre—

fizsion neutrons,

Y (NE)= 0,420+0.006 (A-255); a (1.3)

— | A2 g ,
Vo (B 2) =235 40082 (1)  —(A) [+ 0A6(2-02)40.02(A-235); (1.4)

Re(®) = 6y &) /&5 2 (£)
RA(E)= S (€),/Sns (E) 5 (1.5)
Ra_(?-.\ - Sn,lnﬂ (ED/ Sae 0-:-) »

Gk E) = Sy (E)* S5 E)*+ S, 204 (B) « (1.6)

The value of the fission threshold energy entering into (1.1) was
determined in Ref. [1] by normalizing to unity the weighted mean values of
the ratios of the calculated and measured C(E). In the case of the
232Th, 233U and 234U nuclei in the region up to 4 MeV and the 235U, 236U,
2380, 23%,y, 2%y and #lpy nuclei in the region up to 6 MeV the v data
obtained showed sufficiently good agreement with experiment. At the same
time, the Ef
fission cross—section data. However, the Ef value is not critical in the
calculation of ;(E). Thus, the value of v(E) calculated for 240Pu at
E, = 0.31 MeV (adjusted value) differs from v(E) at E

f
mental value) by not more than 1.5%.

values 80 determined differ from those obtained by analysing

£ = 0.6 MeV (experi-

In the present study the value of Ef(242Pu) was taken as 0.87 MeV on
the basis of the systematics of Ref., [1]

By (A D)=12.6-038 't%afmo.af_z—(-1J)m'3-(-1)'}- Sn. (1.7)



- 94 -
It should be noted that the actual error in ¥ due to the uncertainty

of E, is about 1%.

f
In order to calculate \_’p(E) at energies where fission may occur with the

- c and o
preliminary emission of one or two neutrons, we need to know the n,n'f/’nF

and on,an/OnF ratios and the average energies of pre~fission neutrons.

The on,n'f/onF and an,anf/an ratios were calculated on the basis
of our evaluation of onF' The average energies of pre—~fission neutrons
ET(n) were calculated with allowance for the pre-equilibrium stage of the
process, It should be noted that the calculations of \-»’p(E) are only slightly
sensitive to the values of ET(n) [2]. The data on R and EI,(n) used in the
calculations are given in Table 1.1l.

In order to evaluate the energy dependence of the total number of
secondary neutrons per fission event, we used the results of Krick and Evans
[3]). They measured the yield of delayed fission neutrons in the 0.6=1.3 MeV
region with an accuracy of ~30%. The average value of ;d is 0.016. The
measurements of Gd(E) for the 2330, 235y and 238, nuclei [ 3, 4] show that in
the region up to ~4 MeV the value of Vi remains practically constant and then
falls by ~40% up to 15 MeV. A similar energy dependence of ;d was assumed
for the 2“1'2‘l=‘u nucleus as well. The ;d(E) values used in the present evaluation

are given in PFig. 1l.1.

The evaluated data on v(E) are given in Table 1.2. The actual error of
the data is ~3%.

5., FISSION NEUTRON SPECTRUM OF 242py

No measurements are available for the induced fission neutron spectra of
242Pu, so that data can be obtained only by using the systematics for the
nmuclei studied. In general, the spectra being measured can be approximated

by a Watt distribution

NQ &)=Cy Sh{2(w E')‘/‘/Tw] exp C€'/Tw) (2.1)
or by a Maxwellian distribution

N (€)= Cn € exp CE/T) (2.2)

The existing systematics depend on the magnitudes of TM or on the average
spectrum energies E which are linked by the relatiomship

€

fo

%_‘-M > (2-3)
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and are based on the theoretical conclusion of Terrell [5] that B is connected
with the average number of neutrons per fission ;(E) by the expression
E~[1+9(5)]2
the presence of the reactions (n,n'f) and (n,2nf); and by treating experi-
mental data they obtained

. Howerton and Doyas [6] extended Terrellts conclusion to

— 1/
Tu=0253+0510(4+J3E)]" (2.4)

where

VE) =L Ve E®)Sue ®)-Curle)-26 1 20y ®)] Bt €). (2.5)
They also obtained the linear dependence

Tm = 0,997 % 0,125 § (g), (2.6)

which can be used with the same confidence as (2.4).

Manero and Kon'shin [7:] have shown that \’;p depends little on the atomic
number for identical values of Z. Hence it can be concluded that this occurs
also in the case of the average fission spectrum energies. This will also be
seen from consideration of Table 2.1, which gives the data on Pu isotopes for

thermal neutrons.

With regard to 242Pu, measurements are available for the spontaneous
fission neutron spectrum [10:], which can serve as the criterion for verifying
the applicability of the systematics to the given nucleus. Calculation by
expressions (2.4) and (2.6) (Vv = 2.15) gives TM
the value of TM = 1.21 # 0.07 [ill]. In this study we therefore propose
for the fission neutron spectrum of 242Pu the use of expression (2.2) with

= 1,26 MeV, which agrees with

the energy dependence (2.4) of temperature and the energy dependence \-at(l)

given in Section 1. The calculated values of TM are contained in Table 2.2.

In representing the fission neutron spectrum analytically, we should

bear in mind that the Maxwellian distribution does not approximate it in the
whole energy region of secondary neutrons. Recent measurements (e.g. Ref. [7:])
show an excess of low—energy neutrons, evidently reflecting the contribution
of neutrons which are not associated with the motion of fragments. Besides,
according to the preliminary results of Auchampaugh et al. [13:], in the
variation of primary neutron emnergy from 1.7 to 17.4 MeV, Tll was constant to
within & 1% for both 239 ana 23%. At 22.5 NeV there was only a slight

hardening of the fission spectrum.
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3. ANGUIAR DISTRIBUTIONS OF SECONDARY NEUTRONS

For elastic and inelastic scattering at levels 2% ana 4+ the angular
distributions of scattered neutrons were obtained in calculations by the
coupled channel method with addition of the isotropic (in the centre-of-mass
system) part of elastic and inelastic scattering through the compound nucleus.
For all other target-nucleus levels the angular distribution of inelastically
scattered neutrons is taken to be isotropic. The calculations by the coupled
channel method were performed with the use of the potential parameters given
in our paper on the evaluation of the cross—sections of interaction of
0.2=15 MeV neutrons with the 242Pu nucleus. The differential elastic and
inelastic scattering cross-sections at levels 2t and 4+ are given in the form

of a Legendre polynomial expansion

de.®) _ & e \
d‘.; = I [.\ "’2; At PCoe®)] “ (3.1)

where Pl (cos 3) represents Legendre polynomials of power £ and n = 1,2,3

is the level number.

The expansion esoefficients Aln for elastic and inelastic scattering at
levels 2+ and 4+ are given in Tables 3.1-3.3, respectively.
4. ENERGY DISTRIBUTIONS OF SECONDARY NEUTRONS IN THE (n,n'), (n,2n) AND

(n,3n) REACTIONS

The energy distributions of secondary neutrons in the (n,n'), (n,2n)
and (n,3n) reactions were calculated by the statistical cascade model.
Allowance was made for the possibility of emission of the first neutron
before establishment of equilibrium in the compound nucleus and for the
competition of fission, inelastic scattering and capiure at the subsequent
stages of decay. The calculation model is described in Ref. [14]. The
contribution of the pre—equilibrium processes as a function of energy is
taken as 0.06, 0.11 and 0.19 at 6, 9 and 15 MeV, respectively. The values
of the level density parameters, neutron binding energies and fission
barriers for the 242Pu, 241Pu and 240Pu nuclei needed for the calculations
were taken from the present work and from our evaluations [15, 16] for these
nuclei. Because of their bulk the tables are not given in the text. The

spectra will be found in the Appendix, where the complete file of 242Pu data

is given in the form of a print-out.
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5. THE SPECTRA OF GAMMA RAYS ACCOMPANYING THE PROCESSES OF INELASTIC
INTERACTION OF NEUTRONS WITH THE 2“%py NUCLEUS

The spectra of gamma rays accompanying the (n,n'), (n,2n), (n,3n) and
(n,Y) reactions were calculated in a dipole approximation by a statistical
model, as was suggested in Ref. (17]. The required excitation functions of
nuclei before gamma ray emission were obtained in the cross—section calcu-
lations for these reactions. The spectrum of gamma rays accompanying
fission was not calculated because of the difficulty of calculating the
excitation function of fragments. Hence the fission gamma spectrum was
taken to be equal to the spectrum measured experimentally in Ref. [18].

It was assumed to be independent of the incident neutron energy. This is
evidently a valid assumption, for fission energy is much higher than neutron
energy. The total spectrum of gamma rays from the inelastic processes of

interaction of neutrons with the 242Pu nucleus is given in the Appendix.
6. GROUP REPRESENTATION OF EVALUATED DATA FOR 24‘¥u

From the evaluated nuclear data for 242Pu we calculated the group
constants in the standard 26—group representation. For this purpose, we
used the set of GREKO programs, which allow calculations to be carried out
with any group structure. The averaging was performed either over an
arbitrary spectrum in point representation or over a group of standard spectra
(Maxwell spectrum, Fermi spectrum, fission spectrum and so on). The algorithm

for the calculation of the group constants is similar to that of Ref. [19].

In calculating the group cross—sections in the region of resolved
resonances, the cross-sections calculated with a non-uniform step can be used
with effect; this permits linear interpolation with a given accuracy for a
minimum number of integration points. Thus, the procedure of averaging the
group constants with a given accuracy over spectra f(E) = E® (n = =1, 0, 1)

in interval AE
WLAGHOES

G, = 4k
2 Sz §@&)de

(6.1)

with the use of cross-sections calculated at points with a step which permits

linear interpolation of

Sy ()= géﬁ:‘q_"g" €0 (E—EL\*Gu (&) (6.2)
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with the necessary accuracy amounts to calculating the algebraic sums, and

this considerably reduces computer timet

forn = =1

w-4 .
(& =\Z[M(€m-'€\\+(5,.'(m-t\zED‘lu-%‘;‘l fenSe s (6.3)
'y .
forn =0
. k3 k3
&5 =3 B (06 - ME) BB}/ (EurE); (6.0)
\wt
forn = +1
o T B L e ) (S5E), (6.5)
\na

where A, = [0 _(E
i x
group AE.

) - Ox(El)]/(Ei+l - Ei) and N is the number of points in

i+l
In the calculation of the inelastic transition matrices account was taken
of the possibility of pre—equilibrium emission of neutrons. This leads to the
hardening of the inelastic scattering spectrum and consequently to an increase
in the matrix elements of inelastic transitions from the given group to those
nearest to it and to the group itself. The matrices of inelastic transitions

due to the (n,2n) and (n,3n) reactions were calculated separately.

The group constants averaged over three standard spectra f(E) = E}
(n=-1, 0, 1) in the region up to 1 keV are given in Table 6.1 and those for
the remaining groups in Table 6.2; for E < 2.5 MeV the averaging was performed
over the Fermi spectrum and above 2.5 MeV over the fission neutron spectrum.
Table 6.3 gives the inelastic transition matrix. Besides, Tables 6.4 and 6.5
contain the matrices of inelastic scattering due to the (n,2n) and (n,3n)

reactions.
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Table 1,1

Values of R and Er(n) for the 242py nucleus

1 ' T
E Mev T{ R, } R, {ET(I)MeV : Ex () Mev
5,9 o,0n1 0,02
6,0 G,I77 0.16
£,5 0,323 c,28
7.0 0,387 0,40
7,5 0421 0,22
2,0 O 441 ¢,61
0,5 0,448 0,70
3,0 0,424 0,77
9,5 0,456 0,8
10,0 0,u57 0,85
In,5 0,457 0,083
11,0 0,456 0,%
11,5 0,h53 0,9
2,0 J,h51 3,010 1,01 0,0
13,0 (439 0,043 1,46 0.42
i 0 0,18 0,100 2,03 0,64
15‘,0 0,403 0,120 2,8 0,76
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Table 1,2

Bvalusted data on v (E) and V,(E) for 242p,

=] ,MeV}T Vg i Ve E € MeV! Ve Vi
T | S R N 1 1775 3
0,1-10710 2 mp 2,756 0,3 2,999 2,815
2531070 2, m0 2,75 0,3 2,802 2,610
0.0 2,mI 2,757 0,38 2,006 2,002
0,010 2,2 2,758 0,10 2,709 2,705
0,016 2,73 2,759 0,42 2,013 2,629
0,022 2,74 2,760 0,4t 2,816 2,832
0,007 2,75 2,761 0,46 2,819 2,835
0,033 2,6 2,762 0,40 2,77 2,839
0,039 2, M7 2,763 0,50 2,806 2,812
0,045 2,18 2,764 0,55 2,835 2,351
0,051 2,79 2,765 0,60 2,04 2,550
0,0% 2,750 2,766 0,65 2,85 2,068
0,062 2,751 2,767 0,70 2,%1 2,817
0,068 2,750 2,768 C,75 2,869 2,635
0,0 2,75 2,769 0,£0 2,878 2,89
0,08 2,75 2,770 0,c 2,887 2,903
0,08 2,755 2,771 0,% 2,595 2,071
¢, 01 2,756 2,772 0,95 2,904 2,920
c,10 2,759 2,7 1,00 2,012 2,728
0,12 2,71 2,777 1,1 2,930 2,76
0, 2,704 2,7% 1.2 2,97 2,953
0,16 2,708 2,79 I 2,081 2,007
¢,1C 2,771 2,787 1,06 3,016 3,052
n,2¢ 2,775 2,791 1,8 3,050 3,066
0,22 2,773 2,7 2,0 3,084 3,100
0,24 2,702 2,798 2,2 2,170 3,135
0,26 2,785 2,807 2 4 1,153 3,169
0,22 2,789 2,805 2.6 3,108 3,204
0,0 2,192 2,508 2,8 3,222 3,238
0,32 2,795 2,911 3,0 3,2% 3,272
3,2 3,291 3,307 8,0 i ,003 4,100
3.4 3,325 3,341 6,5 4,171 4,177
3,6 3,260 3,376 9,0 4,250 n,2%6
3,8 3,394 s (o} 9,5 4,330 4,336
4,0 3,428 3,443 10,0 4173 4,419
4,5 3,504 3,529 10,5 4,495 4,51
5,0 3,600 3,610 11,0 4,578 4,5
5,5 3,689 3,702 11,5 4,661 4,667
6,0 3,718 3,189 12,0 4,739 4,745
6,5 3,062 3,872 13,0 4,670 4,876
7,0 3,0 3,952 14,0 4,976 4,90
7,5 4,016 4,023 15,0 5,092 5,098
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Table 2.1

Values of TM for Pu isotopes in thermal neutron fission

’

Isotope ! T » MeV

Reference
SoPu 1,35 £ 0,04 /8/
=IPu 1,39 £ 0,02 /9/
1,35 £ 0,04 /10/
" 1,3 0,04 /11/
~Pw 1,335%0,0M /12/
Table 2.2

Values of TM for the fission neutron spectré. of 242Pu

E,.MeV : TmMeV: € , MoV : T, MeV: E , MeV: T MeV

T : 2 ' 3 : 4 : 5 : 6
w omr o o25ew® Lar o0l 1,42
0,7 I, 0,2 1,316 o4 1,350
0,6 1,75 0,8 1,359 T, 1,364
1.6 1,377 2,0 " 1,306 3,0 1,407
4,0 1,528 5,0 1,448 6,0 1,448
7,0 1,408 8,0 1,305 9,0 1,471
10.0 1,%2 11,0 1,550 12,0 1,524

13,0 1,586 14,0 I,601 15,0 I,542
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Table 3.1

Legendre polynomial expansion of angular distributions of elastically scattered neutrons
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! 1 1 ] 1 [ 1 1 [ t H ‘ 1 1 1
a0l i ¢, : eci o 0 : 0,10 : 0.2 : 0,% : c,75 ¢ 1,00 : 1,50 ! 2,00 : 3,00 '| 4,00 500 ! 6,00 ; 7.00 8,0 : 9,00 ém.m i ITo0 : 17,00 : 13,00,
; : ] i ; i | i ' ‘ : i ! | ! t I : i :
T -
L,P0E23 M,CITMR 0,007927 0,02589  €,0B5359 0,226931 0,306736 0,38I%2 0,t60252 0,560T00 0,G80722 0,732215 0,MINY: 0,89453 U,BE6T59 0,56TIS€ 0,75009 ©,825I0 C,%AIM  ©,%a793  5,2%1055  ©,3007
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| 0,000008 €,000057 €,006242 ©,001055 0,002898 0,GOG53€  0,0I2400 0,0MkT2 €
0,000004 ©,000021 0,000I95 ©0,000622 0,C036% ~ C,0N3508 0,0I3456 G,
0,000028 0,070I07 0,200326  0,0007&%  0,CM536  €,0403%5
0,000002 0,000009 ©,00003% 0,0000% ©,0CI253° T,hodw3s
€,500050 N ,ONG0ET
0,027 ©,000002
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Table 3.2

+
Coefficients of Legendre polynomial expansion of angular distributions of inelastically scattered neutrons at level 2

T T Y T —T T T T T T T T T Y T T T
Eneray, | 1 ! ! : ! ! ! ! ' ' ! f 1 1 i
eV 102 1025 1 0% P o075 P L | LD {200 {00 |40 , 500 ! 60 , 7,0 3,00 ! 000 11,0 ! I ! 13,60 | [5.00
ry e - H H i3 H H - H H !
ficients ; i i i 1 ! i ! : 1 i ! i i 1 ' i
Av 5000678 0,005%0 -0,0R360 -0,022783 -0,03%I2 -0,003235 0,836 0,076631 O0,I37T398 O0,ISEEI9 O,IT9NS 0,207389 O,24I3T7 0281164 0,72%98 0355810 0414722 0452218
A 50007627 -0,003%5 -0,JIIwa7 -0,0I5593 -0,0217T2 -0,036680 -0,069726 -0,072605 0,882 -0,05308 -0,059773 -0,055832 -0,04I075 -0,0T78%0 0,012337 ©,03983 0,705  ©,I47260
Ay 0,00005I  0,00I39 0,0M2I5 0,008IT0  0,005%5 0,0I52C6 0,029%8 0,0I5IT7 -0,006369 —0,03R70 -0,053870 -0,065050 —-C,07€259 -0,0T7T233 -0,07:009 -0,06I279  -0,%22798 1,0079%3
A 0,00028 -0,0006I9 -0,00I5%2 -0,08068 -0,00€T28 0,0050I5- 0,02T4I5 0,026488 0,029951 0,016967 ©,00I773 -0,0I3307 -0,025°70 -0,031232 -0,C23746 -C,CTO463  ©,CA°CST
A -0,000005 -0,000073 -0,000058 -0,000I77 0,0C2ISI 0,012792 0,038Ias  0,006469 0,022056 O,03I55 ©0,0T70 0,(28%8 ©,017627 0,00°769 0,0750%  C,00TT2  C,0227h
Ao 0,600010 ©0,000I05 0,09% 0,00I953 0,00227 ©,00CL0 -0,0i7757 -0,2MTI -0,02I7a3 -0,005516 -0,000783 ©,007I1% 0,013227 ©,017364 03010030 000027
A,y -0,000003 -0,000021 -0,000I67 0,00042I 0,00033 -0,009023 -0,028533 -0,C36T3 -0,0%6878 -0,093751 --0,026%A -0,0I%0I9 -0,0I0905 0,002075 C,CTEI22
As 0,000006 0,000097 0,000697 0,0035% 0,001029 -0,0IT303 -C,02707¢ —C,U376€Ta —0,064THB —0,007769 -0,087223 -0,04072T -0,02322° -0,005557
As 0,000007 -0,00008 0,00004 0,006268 0,0109%0 0,0069IC -0,005076 -0.CI%29 -0,022607 -0,026733 —C,025€17 -0,022623 =0,GIO6ST
Aw 0,0000I3 0,000292 0,003472 0,007125 0,00536I -0,002FT1 -0,0I0007 -0,0IIt41 -0,0I088 -C,0093I6 -C,000986 -0,0037°¢
Au -0,00000 -0,000036 0,000310 0,00I500 0,003637 0,007283 0,072298  0,0I%A5 -G,0Iu6S™  0,0I71556  0,0CT05C  ©,Ci2nen
Au ©,000I90 0,00I372 0,000I97 0,008099 O0,CITMI  ©,07259 ©,0I039 0,005%62 -0,0I0T2  D,005370
Au 0,00000I 0,0007I5 0,000263 0,0006% O,C0T2I8 0,00205 O,00%€IT C,00808C  6,005053  ©,C0775°
::: 0,000026 0,000Ia7 ©,000899 0,C0T690 0,003733 0,007 C,0I0670 0,0I745I [,0Ic86i
e 0,00008  0,000027 0,000II7 0,000395 0,001075 0,072303 O0,0596  9,000:C0  5,09M02€
o 0,000066 €,000206 ©,000537 0,00IM5  0,000265  §,006008
. 0,000008 0,000039 0,000143 0,0003%9 ©,002312  0,005640
Aw 0,0004%  C,C0r25¢
0,000000  ©,000032
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Coefficients of Legendre polynomial expansion of angular distributions of inelastically scattered neutrons

Table 3.3

at level 4%

T T T T T B T L T T T ™ T Y T
e® | 0% ! 075 | Lo s | a0 E 3,0 !x00 }s00 |} o600 | 7.0 Ea.oo {gm D 10,00 | om0 | .00 ! omaee
} i ; : i i : : i i i ; i : i 1
$,003715  0,022120 Q,0208% 0,0657I 0,00%0R 0,107%E 0,ls66% 0,i45368 0,Ia7a53 0,152062 0,I69I52 0,200355 0,238935 0,264576 0,2CI019 0,3II757 €,35%M
£.000757 -0,0009% -0,00883R -0,0I9%72 -0,089%4 -0,0%0835 -0,I17627 -0,I1IC578 -0.0R653 -0,07769 -C,063707 -0,05IR7 -0,09%678 -0,026%65 -0,0I3608 0©,0I°057 €,05202¢
-0,000757 -0,002I0 -0,007T45 -0,0I064C -0,006280 -0,0CI532 —0,023580 -0,0I36™ -0,0055% -0,0I6a52 -0,032783 -0,050365 -0,0€32I2 -0,068%0F -0,068%y -0,060555 -0,050357
0,000I58 -0,000833 0,000079  0,002086 O0,007T"T4 0,0079% -0,0II3&2 -0,0I16666 -0,02T037 -0,0347I7 -0,036%39 -0,045602 ~C,0%T4E -0,05T89 -0,05918¢ -0,06T2LT  <0,066071
0,000007 0,000II6 0,00092  0,0008I9 -0,000%2 -0,0058%4I -0,005766 -0,006093 -0,0097768 -0,003707 0,01849 0,0I9093 0,015%053 0,0I2%22 0,010052 -0,000r¢h -3,0T463¢

-0,700003 -0,000C7% -0,000239 -0,000312 Q00656 0,055 0,0003I6 0,00I0% 0.007559 ©0,006689 ©,0027Tm 0,0020% 0,MO44I0  0,005576 C,C03005 -0,00282
0,000007 0,000031 0,00Mm%7 0,0006I7 -0,0008I5 -0,0048R -0,002202 -0,000084 -0,002460 -0,002527 ©,00I850 0J,0M5I7%  0,0C6657 C,CO%BE (012658
-0,000002 -0,000039 -0,20036T -0,%0I020 C,004675 0,0II022 0,0I05%9 0,003771 0,00J985 O0,005I71 0,00H75 ,000552 -0.00N0%6  ~,002351

0,000001 0,000039 0,000252 0,000836 0,000395 -0,00I%5 -0,0095%8 -0,o00%61 C,002234  0,001395 0,00CR7  -0,672CI1 -0,002%38

-0,0006005 -0,000M7 -0,00IR3 -0,00I555 -0,000986 ©,00I938 0,0m57% 0.005335 ©,00918% C,CII8l> 0,014268 C,Cluede

0,0000I0 0,00005% 0,000I89 0,070€39 €,00I027 0,001I05 0,00I1572 Q003406  0,005052 2,023 c,00m877

0,000007 -0,000035 -0,000004 -0,000532 -0,000%3 -0.00123% -0,002007 -AMDsS —£,re50I  0,Z017i¢

-C,000002 0,0000I8 0,00006I 0,000I3 0,0000I3 -0,000606 -C,00I6I5 -0,0020% 0,00I570  0,C075¢H

C,C00302  0,000002 -0,000024 -C,m00npI -C.0000%  T,00M37 0,008  ©,0022I5 -C,00T%QM

0,00000I 0,000006 ©0,000027 0,0000m  0,0CI75  0,on02€6  €,000I55 -9,0C2374 <0,0Q70:4

0,0020% 000002 -0,000024  -0,000I32 0,000531 £,0700

0,000003 0,070I4  0,00005C  9,000I35  J,030004  C,70I0Q5

0.070020  n,roerue

<L .002007 00T
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Table 6,1

Group constants of 242Pu in the region of resolved resonances averaged over

three standard spectra (£f(E) = £%, n = -1, 0, 1)
et 1 1er 13 e e o ] R P R
Foq gy POV iRt B b TG 18 G ke S Gy 16y Sy b g
I5] 465-1000 4,007 0,05% 2,757 22,971 0,0C31 0,008 3,024 0,058 2,757 Z_Z,I'Hl C,0031 0,000 3,641 0,058 2,75;7 21,379 0,0031 00,0082
16 215465 6,144 0,018 2,757 25,117 6,0029 0,008 '6.032 0,016 2,757 25,‘030 00,0029 ¢,0082 5,621 0,CI4 2,757 25,125 0,0029 0,0082
I7 100-21I5 10,301 0,024 27.757 19,710 0,0C20 0,00 9,480 0,022 2,757 20,329 0,0028 0,0082 8,866 0,021 2,757 21,304 0,0028 0,0082
18| 46,5-I100 33,013 0,067 2,756_ 80,379 0,0028 0,0082| 26,322 0,053 2,706 64,327 0,0026 0,008 ] 20,245 0,041 2,756 50,048 0,0020 ¢,o082
I9 21,5-446.5 4,738 2,756 . ;7'.630;0.002‘8 0,00 h,162 2,756 7,427 0,0C28 0,008 3,801 2,756 17,225 0,0028 C,00°C
20 0 <°I,5 1,617 2,756 8.893‘0.0028 0,008 I,571 2,75 8,834 0,0028 00,0032 I,461 2,756 8,777 0,0028 C,00%
211 4 ,65-I0 0,701 2.756 10,330 0,0028 0,002 0,501 2,756 10,I77 0,0028 0,00821 0,495 2,75 10,040 0,0028 0,0082
122 2,15-4,65 1367,‘613 2,756 116,890 0,0028 0,0C i_I?.J 04 2,756 99.1{115 0,0028 0,008213080,004 2,756 EI,643 0,0028 0,0082
23 1,0 -2,I5 16,097 2,756 5,431 0,0028 0,008 m'.ma 2,15 5,131 0,0028 0,0082] 20,284 2,756 4,89 €¢,0028 0,008
24| D,465-1,0 6,407 2,755 7,505 0,0028 0-..0082 6,556 2,756  T,460 0.0028. 0,008 6,628 2,75 7,413 0,0028 ©,0082
25| 0,215-0,465 6,711 2,756  7,96R 0,0028 0,00%2| 6,636 2,756 7,952 0,0028 o0,0c82| 6,568 2,75 17,936 0,0028 0,0082
T [ -0,0252 -I8,636 2,756 3,245 0,0028 0,082 | 18,636 2,756 8,245 0,0028 0,0002 | 18,636 0,001 2,75% 8,245 0,0028 0,0082

- 90T -
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Table 6.2

Group constants of 242Pu in the 1 keV-1l5 Mey .eion

of.

RCE T ! T H 7 T T
:Te.gi_;, Eiee : GT:: 6% | | i Sd N : £ ;G ! Gum! 6nin
38
¢ I6,5-IZ C,204 2,023 4,672 2,533 0,871 0,017 € °n7T 9,609 0,037
i 6,5-10,5 0,005 I.5& a,043 3,I9% 0,%7 0,211 ©0,0% 0,232
2  4,04,5 6,007 1,304 3,593 4,IZ 0,856 0,5012 1,350
3 2,54,0 0,017 1,365 3,256 3,701 0,300 0,0017 2,742
4  I,4-2,5% 0,06+ I,aC7T 3,033 3,564 0,553 0,0029 2,044
S  C,8-I,4 C,099 I,29C 2,947 4,123 C,A473% 0,0043 I,k
:  0.4-0,3 C,Iu7 0,3:8 Z,8%6 €,387 C,335 0,055 1,293
7 20,4 2,163 2,032 2,86 9,333 0,245 ©,0052 1,097
2 &I1-0,2 0,22 €,0I5 2,741 11,363 0,133 0,0072 0,301
%33
S 46,5-I00 0,755 0,009 2,762 12,582 0,063 0,0077 C,323
00 21,5-46,5 0,616 0,007 2,762 I3,283 0,031 0,0080 .00k
I Iz 21,5 0,%5 0,003 2,759 13,755 0,0I5 Q,0061
12 4,65-10 - 1,162 C,005 2,758 I4,660 0,008 06,0032
I3 2,154,855 I,625 2,0I1 2,757 16,126 0,003 0,008
4 i,6-2,15 2,525 9,01 2,757 18,223 0Q,0036 C,00%2
Table 6.3
The matrix of inelastic transitions due to the (n,n'),
(n,2n) and (n,3n) reactions for 242py
Cin (F,7+x)
: : ! T T T Y

— ~T ™)
t
'
!
:

K=0Jk=1 [K=2{K=3{Kad4 {K=5/Kk=6 1Kk="7{K=8{K=9iK=1I0lK=1T

OV MOV E WNNDHOD

-

s,259 ¢,030 9,017 0,070, 0,317 0,48 ¢C,sI6 0,I55 9,050 0,016 0,0CH 0,002
¢,319 o,cu2 0,03% C,1I15 0,179 0,277 0,270 0,126 0,037 0,0I0 0,022

VOO HrHOOO
- -

£,8¥3 0,051 2,3 6,331 ¢,520 0,362 C,I47 0,25 0,0II 0,002
88 ¢,Ics ©,220 0,524 0,455 c,250 0,085 0,02I 0,005 0,001
55 0,311 0,887 0,322 0,I% .0,066 €,023 5,005 0,001
,&IT 2,292 0,193 0,113 0,040 0,009 0,003
,035 0,251 0,600 0,007 o, 0,001
754 0,221 C,004 '

601 C,353 0,031
,0%3 0,187 G,05% 0,05 0,003 0,001
L3 0,000 0,066 ©,00 C,0°¢ 9,020 0,002 0,001 0,001




- 108 -

Table 6.4

The matrix of inelastic transitions due to the
(n,2n) reaction for 242py

G.,n.(! . 77&)

[

T T T T T R Il H i '
K=0 1K=T1TIK=21K=3 1K=4 I|K=5 1K=61K=7 1 K=5:K=9 1K =10

3,000 C.001 G,0I6 0,369 0,312 G,464 0,377 0,21 €,030 0,007 0,00
5,000 0,000 ¢,000 0,608 0,03 0,iI2 ¢,I7S £,6% 0,030 0,003 0,00

Table 6.5

The matrix of inelastic transitions due to the
(n,3n reaction for 242pu

~

Gran { T ,T+x )

= ! . A= 41 .

Bl H * L) A Ll H T T
: IKk=21K=3 K=4!K=51K=61K=71k=8!K=23 k=10 lk=11

0,000 0,000 J,2&8 0,CC

2,001 0,012 0,024 €,032 0,019 0,009 0,003 9,001
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Figure 1.1
The energy dependence of vd for :242Pu
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UDC 539.173.4

EVALUATION OF THE CHARACTERISTICS OF SECONDARY NEUTRONS AND

GAMMA RAYS IN THE INTERACTION EETWEEN NEUTRONS AND THE 242Pu
NUCLEUS, V.A, Zenevich, A.B, Klepatskij, A.K. Krasin,
V.M, Maslov and Yu,V, Porodzinskij in: Ewvaluation of

?42Pu Nuclear Data in the 102 eV-15 MeV Neutron Energy
Region, A.V, Lykov Institute of Heat and Mass Exchange (ITMO),
Byelorussian SSR Academy of Sciences, Minsk (1979) 112-183.

On the basis of calculations by various theoretical models the following
characteristics of secondary neutrons and gamma rays for the 242Pu nucleus
have been evaluated: fission neutron spectrum, value of V for 242Pu, the
angular and energy distributions of neutrons from the (n,n), (n,n*), (#,2n),
(ny3n), (nyn*'f) and (n,2nf) reactions and the energy spectrum of the
secondary gamma quanta. The group constants for 242Pu have been obtained.
A print-out of the complete file of evaluated muclear data for 242Pu in
the ENDF/B format is reproduced,
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Aggendix

PRINT-OUT OF THE COMPLETE EVALUATED NUCLEAR DATA FILE FOR 242Pu
IN THE ENDF/B FORMAT [20]

The appendix reproduces a print-out from the magnetic tape containing
evaluated data written in the form of 80-column punched cards, each of
which is identified by three numbers: file number (columns 71, 72),
section number (73-76) and card number (76-80).

File I comprises two sections: 451 (information) and 452 (neutron yield
per fission). The data are written in the form of pairs of numbers (E,V) in
the 1072 eV-15 MeV region,

File II (section 151) contains resonance parameters, The region of
resolved resonances (punched cards 190-259) is represented by the Breit-Wigner
parameters, The resonance energy and spin and the total, neutron, radiative
and fission widths are given for each of the 69 resonances, In the region
of unresolved resonances (punched cards 260—414), the energy dependence of
the average resonance parameters is given., Entered here are the energy,
average level spacing, average inelastic scattering width, average reduced
neutron width, average radiation width and average fission width for all J at

a given £, £ taking the values of 0, 1, 2,

File III contains cross-sections, It gives the total cross-section
(section 1), elastic scattering cross-section (section 2), inelastic scatter-
ing cross-section (section 4), (n,2n) and (n,3n) cross-sections (sections 16,
17), fission cross-section (section 18), the (n,n*f) and (n,2n*f) cross-
sections (sections 20, 21), level excitation cross-sections (sections 51-63),
cross-section of inelastic scattering to the continuous spectrum (section 91)

and capture cross—section (section 102),

File IV is the file of angular distributions of secondary neutrons. The
angular distributions for the cross-sections of sections 2, 51, 52 are
presented as the coefficients of Legendre polynomials at different incident
neutron energies. For example, punched card 1011 gives the incident neutron
energy and the number of coefficients and punched card 1012 the Legendre
coefficients, starting with the first., In the case of the other reactions,

the angular distributions are assumed to be isotropic,
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File V contains the energy distributions of secondary neutrons., For
the (2,2n) and (n,3n) cross-sections the energy distributions are presented
as arbitrary tabular functions for the first, second and third escaping
neutrons. For example, punched cards 1272-1305 give the first neutron in
the (n,2n) reaction, punched card 1272 gives the incident neutron energy
and then pairs of numbers - the energy of the secondary neutron and the
probability of its emission with this energy (punched cards 1274, 1275).
The fission neutron spectrum is taken in the Maxwellian form. Pairs of

mumbers are entered: energy and effective nuclear temperature.

File XV contains the continuous photon spectrum, which is given for
the inelastic interaction cross-section (section 3). The spectrum is given
for five values of incident neutron energy (0.0253 eV; 3, 5, 10 and 15 MeV),

For each energy pairs of numbers are given - energy and probability.
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EVALUATIONN O+ THt IESO~ANCFE FA<AMETERS £0R [HE f1RST
RESUNA~N. T IS PFHFOMED §y MakIbn USE ROTH QF YOUNG HT, AL,

DATA U TGTAL CRTSS SECTION! (&.5) AND Tnt DATA AT J,C253FEY

WITn TadItg TAID -ACCOGUNeT O0%E RESUMANCE wiITK NEGATIVE
EMFRGY, YD CGENTRATE NFUTROGN €R2SS S3ECTIUNS IN Thi

RESOLVE) RESONANCE £MERGY KECIIYW FRUGM ThE PARAMETERS GIVEN

TeE SyULTItsv¢El AAEIT-uTGNER FORMALISY 1S USED,

THE AYCRAGE QESONAYCE PARPAMETESS % THE UNRESOLVED
QESUNALEE RUERAY RANGE (FROM 1 CEV TO 200 XEV) ASE
CETAIVED BY A SELF~CONSISTENT ANALYSIS 53Th CF THE
RrSULVED RESONANCE PARAMETERS AND THE EXCERIMENTAL DATA
QN =ADEATIYE CAFTUIE (o AND FISSION ChuCS SECTIONS (3),
TiH¥ FIGMA FISSION WAS CALCULATFD TakKING [NTO ACTOUNT A
DOUELE-HUMPED FISSION HWRARIRIER CONCERPTLON,

ME = 3 CACG3S SECTIONS

Trt #15S10N €208S SECTYION EVALJATION [ M THE FNEAGY RANGE
g -25) CFy TO 1S Mev 1S RASED % EXPERIMEANTAL DaTA OF-
AL AALSY ,FUISDY, BEAREMS (7.R.7).

EvaggaTed TITAaL, ELASTIC AMD PlaTlap Ca0sS SECTICNS FO2

D17 FACITATION OF LOwWw=LYIAG LEVELS TV THE ENERGY REGICN

FRGM Z)3%<Ey TOD 15 “EV ARFE GHTAINFD 3Y COUPLEw CHayNELS
CALUJL=TIO0%NS &ITH A CAEFyYL CPTIMIZATION QOF FPOTENTIAL
PA ANETCE<S »OR U=z7%, .

Tnt <A51ATIJE CADTywie, INELASYIIC SCAVTERING, (N,2N4) AND
€, 3N) = €298% SFCTI™NS A}t FALCILATED 3Y STATISTICAL

ROl Taslhe $%T0 ACCOUNT TnE COMPRTETICN PRCCESSES (N(F)
CN,5% ) CN,GF) A%D NUCLEAR LEv=L CCLLECTIVE FONES EFFECTS

MF = 4 AANGULAR DISTRIAVITIONS

T ELASTIC AND INELASTIC NEUTROWN SCATTERING ANGULAR
DISTRAL3UTICNS FROM 1 KEV T0 .15 MEV ARE OBTAINED BY
CO!PtED CHANNELS CALCULATIONS WJITH THE ISOTRCPIC PART
CALCILAYED FROM THE CUMPOUND PROCESS ADDED

MF = ¢ ENERGY DISTRIBUTICYN OF
SECONDARY NEUTRONS -

MY =z ¢ TO kFPROOUCE THE ERE<GY DISTRIBUTLONS IN TkE
RENIGS BELNw S MEV THE EVAPORATINN MODEL SPECTRUM WAS
USS L, a-0VE S MEY THE CONTRIBUTIGN OF FREEQUILIBRIUM

"MEUTRONS WAS INCLUDED. -
CALCULATICHS GF (N,2N) AND (*,3IN) NEUTRON SPFCTRA WERE

MANE TAKING INTO ACCOUMT THE PREEQUILIBRIUM EMISSION OF
THE FIRST NFUTRON,

MF 3 1% CONTINUQUS PHOTON ENERGY
SPECTrRa

GAMMA-#AY SPFCTRA FROM THE NCNKLASTIC wEUTRON PROCESSES
wEPE CALCULATED USING THE STATISTICAL MODEL, WHILE
FISSION GAMMA~-RAY SPECTRIM WAS TAKEN TG BE SIMILAR THAT
OF FOR U=-235 BASFD ON THE EXPERIIMENTAL DATA, :
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2,76600+002%25
e0C 2325
2,7725C+082325
Le0S0C*0Y 2,783CCe002225
,0000C+¢S 2,7510C00202°5
L6002 2,301CCe002025
L20000+05 2,81100+60e925
LEQ200C+CS 2,82200+002025
.0000e05 2,43200+002025
LPQIJNe0S 2,842C0+002225
LS5000+05 2,06800+002085
LG0NQCenS 2,39405040022029
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6.00020+33 1.405%06+01
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1.21073=01
Q,300%0~-¢2
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S.903%b0u~=02
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8.30n90-qg2
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7.30332=02
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2,72030=36
5,+n03%0=02
2,.5703L=413
2.07395C=93
8,30000+03
§,3303C=33
2.82030=06
“,00000=04%
2.34000=02
2.87030=34
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0
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0
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1,28628-03
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2.20090~02

- v NN
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2.60000~-02
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